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A!? ST r\ ;i CT 

T h i s  hardScok has heen prcsarcd to faci! i t? . te  he dssign of e?r;h.?n 
covzrs to control radon e i : i l ss ion  i r o n  urariim nil1 tzilings. Zadon 
emissions ircr bare and covlert.3 uraniun mill tailiqgs can be estimated from 
equations bzsed cii d i f f u s i o n  tkory. Basic eccstions w e  present25 for 
cdlculzting surfac? radon fluxes from covered tailings, or alternately, the 
'cover thicknesses required tci satisfy a given radcn flux critericn. Also 
described is a computer code, f?iECOM, for calculating cover thicknesses and 
surface fluxer. Methods are a l s o  described for measuring diffusion 
coefficients ff;r radon: or for estimating them frcm empirical correl2ticns. 
Since long-term soi l  moistor? content is a critica: pzrameter in 
determining the value of the diffusion c?efficient, methods are given for 
estimating the long-term moisture contents of soils. The effects o f  cover 
defects or zdvection are 3lso discussed and guidelines are give:! for 
determining i f  they are sicnificant. For most prsctical ceses, advection 
and cover defect effects on radon flux can be neglected. Several exmpies 
are given t o  demonstrate cover design calculations, and an extensive list 
of references is included. 
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T h i s  k z 3 t b m l :  ir3.S hec:-, pre>?.rcd tc\ i a c i l i t c t e  .ti!? disign of c : r th tss  
c w e r s  t o  coritrol radon eniissim f r m  tir.i!>ii:q m i : l  t a i l i q s .  I t  cc.3tains 
specif ic  proce?s.res for de;ignir!g t a i l i n 2 s  covers for adequate t - d o n  
attenuation. The procedures are presentc'l 53  t h a t  tiw design analysis can 
be perforned w i t h  e i ther  hand  calculators  o r  w i t h  lime complex coE7:iter 
models. Bcth mthcds give s u f f i c i e n t  .:ccuracy i n  the requ.irei; cover 
thickncss for m s t  pt.actic.1 applicatiocs.  The handhwk also contains a 
gr22tly expanded d a t a  base for ?stima+ing diffusion cccf i ic ien ts  based upon  
soi l  type, cornpaction and moisture cotitent. 

The  handbook addresses 'LFe fo l lwi i ig  main icpics  importdnt in 
evaluating the effectiveness of c c b x  desi9r.s for rzdm attenuation. 

1. Concise procedures for calculat ing cover thicknesres required 
t-3 s a t i s f y  the desiyn c r i t e r i o n  using bo th  exact and 
atiproximste expressions. 

coeff ic ients  fo r  cover materials.  
2.  Experimental technique; used t o  I;ie?..sure the radcn diffusion 

3. Procedures and a data base f o r  estimating diffusion 
coeff ic ients  for  cover materials for  use v:hen specif ic  
measurements on the material are not avzilable.  

In addition, the handbook contains supporting information i n  the 
f 01 1 owi ng areas: 

1. An ident i f icat ion o f  other key references re la t ing  to  radon 
transport  through materials.  This a l so  includes recent 
f i e l d  ver i f icat ion of bo th  the calculational procedures 
and the laboratory measurenents. 

2 .  A discussion of the charac te r i s t ics  o f  the radon source 
term and i t s  influence on cover cksign. 

3 .  The mathematical development o f  the procedures and a 
l i s t i n g  of the RAECOFI cocgzter program and input data format. 

Radon does not combifie readi ly  w i t h  other elements hecause i t  i s  a 
chemically iner t  gas. The principal i s o t o p  o f  radon, 222Rn, i s  generated 
fron the radiccctive decay of 226Ra and i s  a decay daughter i n  the 23% 
decay ser ies .  The h a l f - l i f e  of radon is 3 . 8  days, allocing the radon 

i x  
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to migratt? ccnsid?raSle dist;nc!?s; beforc dx?j*i:lcj. Furttivir;r?> the 
gencrdtion o f  222 i?n  contin,;?r, at its currsnt r2:e for tr.iny thctis2nds o f  

ea r s  due ta the re1ative:f I v i g  half-lives o f  22GR2, and its parent, 
IjgTh, whit;) 

The calcu!ation of t h ?  thick'nesses of cover x t e r i a l s  required to 
attenuate r?dor, f l u x  t o  nt?i--backqraGcd levels i s  5.c.aeral l p  based u p o ~  
diffusion ttwcry. The effect?vencas of a ps\-t-iCLji?i- cov?r mztwiai in 
attenuating radon relezse ee~cnci ;  upon t ! i a t  material's acility tO rertrict 
the diffusicn l o r y  enoqh thzt the radon decays t o  a s o l i d  daqhter and 
becomes trdpped before it cc.;vletely penctrates the cover. The garameter 
that characterizes this rzclon mverrient in the soil i s  called the diffusion 
coefficient. 

ba th  pr-eLen' ;n t h e  tailin-js. 

ES .2 

The th iikness of ccver material required for  uranium-mill tailings 
reclamation i s  usually determined by a radon . flux or concentration 
criterion which m s t  be satisfied. The gaeral approach used in estimating 
the required thickness o f  a cover can be dividsd into tiio phases. First, 
the characteristic parzmeters of the tailings and cover must tie measured 
or estimated. These include the radon diffusion coefficients, pcrosities 
and noistures of tile tailings and .cover, and the radium content and 
emanating paler o f  the izilings. Second the thickness o f  cover needed to 
achieve a prescribed rzdon flux is determined by iterGtively calculating 
radon fluxes for various cover thicknesses until the thickness giving the 
prescribed flux is found. Alternatively, an wgroxirnate expressim can be 
used to calculate the cw2r thickness directly. The diffusion cc2ffScient 
for radon in tqe total pore space of the soil is designzted by thc s,mlsol 
D, consistent .with recent reports on radon movement. A second parameter, 
the effective bulk diffusion coefficient of the soil,. is often designated 
De, and has sometimes been confused with 0 due to varying sy5ols and 
nomenclature used in the literature. The two are related by D = De/p, 
where p i s  the total s3il porosity. 

Radon emissions from bare and covered uranium mill tailings are 
estimated from equations based on diffusion theory. Basic equations are 
presented for calculating surface 'radm fluxes fron covered tailings, or 
alternately, the cover thicknesses required to satisfy a given radon flux 
criterion. Also described is a computer code, WECOX, for calculating 
cover thicknesses and surface fluxes. 

ES.3 --- MEASUREiEtiT OF ME RADC)X DIFFUSIOI? COEFi ICIE t tT  

The degree of radon flux reduction prgvided by a tailings cover 
depends on the tine required for th? radon to d'fruse through the cover, 
and thus t o  partially decay i n  it. Therefore, the diffusion coefficient or' 
the scil is of central i,?portnnce to detcrxine thc rcquired cover thickriess 
to achieve a given radon f l u x  reduction. It i s  therefore advantzgeaus to 

x 
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The three :mt  c o x ? ?  9.it-s o f  !:?2s;.ire:;gn'is t o  deterinin? D zye :  
a )  the si)t:rc'e flux and the f l ~ x  ;hrosgii ti-i-3 c o v e r ;  b) the source f:ux 2nd 
the eqi?ilibrium concentrdti@n at t h c  battoin of tk? cover; and c) the time- 
dependent cmcentration a? the Ontton o f  the co?'or 2nd at the top o f  the 
cover within 3 sealed systci?. Variatinns cn ti??je nethods hzve a l so  k e n  
used. Radon diffusion coefficients cdn be masured either in the 
laboratory cr in the field. Field neasurements offer the adv.zztage o f  
exposure tc actual wind, sun, rain and other significant enviroi:mental 
parmeters -which mzy affect the soil wisture content and its diffus:'c?n 
coefficient. Howver h igher  vciabiliiy complicates the interprctation o f  
field data. Labratory masureneats of D provid? better ccintrol over the 
soil and diffusion conditions. The expense s f  testing soils in the 
laboratory is also generally less than for fielcl tests., as are the time 
requirements for the tests. 

A diffusion coefficient data base, containin3 nearly 200 elements, has 
been assemhled. A representative sample o f  the data is shown in 
Fiyrs ES-1. The data were mostly measure3 by the tirne-dep2nde?t 
technique (method c), but also include many stzady-state and s G m e  field 
measurexents. The diffusion coefficients are relatively constant a t  
absolute dryness, averaging C.051 +- 0.035 cmz/s for the dry soils tested. 
As illustrated, increasing moisture-causes loww diffusion ccefficients. 

The variation in diffusion coefficients at intemediate moistures can 
be largely attributed to varying pore size distributiox; however, the 
variation at high moistures (m = 0.9-1.0) cannot, Instead, this variation 
results from the very steep variation in diffusion coefficients with 
moisture as m .approaches unity. This causes lerge apparent errors in 
diffusion coefficients to result from relatively small errors in smple 
moisture content, density, or specific gravity estimates from which the 
saturation, m, is estimated. The large variation near saturation in 
Figure E S - 1  is therefore attributed to uncertainties in the degree of 
moisture saturation of the soil sanples. 

Other soil properties besides soil moisture may have an influence 
on C. One parameter, the percent passing a 203 w s h  sieve, is a convenisnt 
way to clzssify soils. It is irrportant that the highest practical 
compzction be achieved for earthen covr7rs cver the tsilinSs so th;t maxiinun 
radon cttenuation is obtained; thus, pertinent engineering spccificaticns 
should usually call for compactions c f  a t  leact SO percent of standard 
Proctor compzction. 
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I t  -is’- often desir:blc to e s t ~ i r S t c  the diffusion coeffi~cient c f  
materic?ls unu’e:. vzrying cond’ticnc far which mezs:rred valuss are no? 
avail.itile. This can be d x i e  with either cumplex n o d e i s  b a s c d  u2on physical 
charactoristics of the soil, or. upon em2irical correlatiocs based up03 
measured v!alu?s of D. Soil n9istur.e arid cwpaction a r e  ir2oriant factors 
in the value o f  D For  a g i ven  s o i l .  

Recently, a theoretical mdel has been developed for estimating radon 
diffusion coefficients hithout relying on fitted pal-aneters to radon 
diffusicn data. The fornialism considers the detailed conposition of the 
pore fluid as well as a statistical definition of the pore structure of the 
material. The pore fluid is modeled as  a two-phase mixture uf air and 
water, with radon diffusion occurring in both phases, and with radon 
exchange occurring between the air. and water. The pore structure is 
modeled from the xasured pore size distribution of the soil, and is 
described by the wighted avercgc of all coebinations of single enci 
comFosite pores. The s o i l  pzrameters required to estimate a radon 
diffusion coefficient are thus t h e  moisture, the packing density and the 
pore size distribution. 

Agreement between the model calculations and measured D values is 
generally within the experinental uncertainties in the datd. The pore size 
distribution needed for the calculations can be obtained either f r m  water 
drainage curves or from particle size distributions. 

Empirical correlations far estimating D have tne advantage of being 
simple and easy to use, with a minimal mount o f  informaticn needed. The 
recornended correlation using the frsctior! of saturation, m, is: 

, 

D 5 0.07 exp -4(m -. m$ + m I: 
and i s  plotted i n  Figure ES-1. 

The correlation shown in Figure ES-1 has B geometric standard 
deviation of 2.0. Hwever, individual estimates for a psrticular soil at a 
given misture nay be uncertain by as much as an order o f  magnitude, 
especially for highcr values o f  m. 

The moisture content o f  earthen materials h a s  been shown to markedly 
affect their properties for radon gas diffusion, salt and radionuclide 
transpcyt, physical stability, and support o f  vegetation. Gecause of these 
effscts, the moisture contents in covers for uraniuin qill tailings are of 
particular interst for proper containnent 2nd stabilization of the 
tailings and their decay products. Since tailings containnsnt systems must 
function f o r  very lcng time periods, the lmg-tern equilibricm moisture 
ch2ractcristics a r e  of particuiar interec,:. 

I 

xiii 



m, = [O.IZ~P% - 0.0012~ - 0 . ~ 4  + 0.155 fc3, 1 , 
where . 

mr = residual soil xoisture ‘in soil overlying a deep aquifer 
(fraction of szturaticn) 

P = annual precipitation (in) 

E = annual lake evaCJraiion (in) 

fc, = soil fraction passing a No. 200 mesh sieve 

ES. 5 OTHER FACTGRS II4FLUENCING I?ADrj?I MIGRATION I ! ’  
! 
I 

i .  

Three other factors influencing radon migration warrsnt consideration. 
They are the source term (of the tailings), the effects of defects in the 
cover, and the effects of advective radon transport. 

Characterization of the source term is an important step in performing 
the design analysis of an adequate cover system. The key parameters 
defining the source term are the radium conczntration, the dry bulk 
density, the emanation coefficient, and the diffusion coefficient. The 
utilization of source term information can have beneficial impacts on i rerr.dia1 action design concepts. For exaxple, the sand component of 
tailings can be effective as a bottom layer of a tailings cover. 

i 
! 
I 

[ 

i 
An effective ccver may be placed initially over the tailings. 

However, there are many mechanisms that can disrupt a cover, and, because 
radon generally takes the path of least resistance, these mechanisms can 
render a significant part of the cover less effective in attenuating radon. 
Several techniques are available for promting or caintaining cover 
integrity. If crdcks develop, the percentas2 loss of cover effectiveness 
in the crack depth zone is api?roxirnJtely equal to twelve times the percent 
of the surface area disrupted by crscks. 

t 

I 
1 Over the last several years there has teen growing evidence presented 
I tc suggest enhanced, advective trznsport of radon in the envircnment. 
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However, m s t  advective tr.:r?sgort i s  cycl ic  in direct ion 2nd velocity,  
minimizing loiiq-.;?rm e f f e c t s  on p e t  r adon  re leases .  P.dvectbon i s  g e w r a l l y  
n o t  an i C ? s r t i i ! l t  e f f e c t  fo r  sesi-2t-id recjions. %;ever,  i t  nay >e 'more 
proninant ii h m i d  Er2's bccxrse t h e  diffusion cce f f i c i en t s  are gecerally 
s n a l l e r .  

ES.6  SUKG2Y ArlD APPLICATIOFI 

The radon releases from bare and covered t a i l i n g s  can be estimated 
using diffusion theory, if  app;opriate diffusion coe f f i c i en t s  are used. 
The procedures f o r  calculat ing the thickness of an adequate cover syste:,i 
are straight-forward and the calculat ions can be performed by hand or by 
computer programs such as the RAECOM code. A procedural checkl is t  for  the 
hand calculat ians  is  given in Table ES-1.  

As shoxn i n  the t ab le ,  S k p  1 ,is the calculation of a l l  source 
parameters. Step 2 i s  the calculat ion o f  the cover parameters. These 
parameters are i n p u t  t o  RAECOY fo r  a Ceternination of the required cover 
thickness and surface f lux.  If a h i n d  calculat ion i s  performed, Step 3 is  
the calculat ion of cover attenuation pa rme te r s  and bare t a i l i n g s  f lux.  
I n  Step 4 ,  the required cover thickness i s  calculzted.  If the system 
cons i s t s  of B multilayer cover, the surface f lux f r m  the f i r s t  l a y w  i s  
calculzted i n  Stsp 4 and the  diffusion cce f f i c i en t  f c r  the e f f ec t ive  sGuFce 
term is calculated in S t e p  5. Repeat s teps  4 dnd 5 un t i l  the top layer i s  
calcu 1 ated . 
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Step. 

1. Detcrmlnc Source Tcrm 
Parameters, R ,  E, Pt. Pt,at 

-. . 

TABLE E S - 1  

PROCEDURAL C H E C K L I S T  FOR C A L C U L A T I N G  ADEQUATE COVER T H I C K N E S S  

2. kterminc Cover Material 
?aramcters. Dc, pc, pc 

3. Calculatc Covcr Attenuation 
x Parameters and Calculate o r  

€stimste Care Tallinqs Flux < 
d. 

4. Calculate Surface Flvx or  
Cover Thickcess 

. 5. For Multiple Layer Cover, 
Calcir letc tff ect ive Source 
Dsm 

6.  Repeat For Multiple Layer 
Covers 

Comen t s 

Dcfault values, R 2,812 G 
Pt * 1.5, pt * 0.35, gt * 2 

Dt 9 0.07 exp[-4(m-mp2 + m 5 j  

Default valuer, pc 0.35, 
gc = 2.7 

at - pt* Dt [ 1-0.74 q]* 
m, = 10-2 M, [ - $1 -1 

Dc = 0.07 exp c -a(mmpc* + m5)] 

Calculate Item 4 for the flrst cover 
layer, then calculate Item 5 for the 
second cover laycr, then rdlculate 
Item 4 f o r  the second Z C J V C ~  laycr, and 
so on until Item 4 is calculated f o r  
the top layer 

I 



i??.c!cn wis; i m s  f ~ . ?  ::r;lniu:n-ni 7 1 t::il ii:gs h::.? ' i on?  1?eeri r!~~c~jzl-.i~n=d 
ac i r;?j3r pst.ent i 3 :  tip;l':h hazart!. 5ur:r;c the ri-!i 1 in-; of  ;;raniurn o ! ~ ,  t i le  
ore i c  cru:iiied to  f a c i l i t a t e  proccssl!iq and  il w;l ig ibIe  f r x t i s n  of 
radius,  tnc  pat-?:>t o f  r-adoi?, i s  r m . 3 v C d .  Cctiseq!:?.;ily, the access ib i l i ty  
o f  radon to  t ! ic e r l v i r snncn t  i s  gencral!y increased. 

An important feature o f  any urxiuz-mi 11 t a i  :;rigs manzgement program 
i s  the prcpo- lcng-tSrn s tab i l iza t ion  of the t a i l i y s  t o  adequately redl;ce 
r a d o n  emissions. The generally accepted rceans of  xh iev ing  s tab i l iza t ion  
i s  ta cover the ta i l ings  w i t h  earthen materials.  h c e ,  i t  i s  iflportarit to 
accurately deternine t h e  radon-attenuating propwties  of cover materials 
a n i  cover sy~immr. Rzclon miqration t h r o q h  earthen m t e r i a l s  i s  a complex 
process i n  which the 'pore space and t h ?  a i r  and fioisture i n  i t  Greatly 
influence the e f f x t i v e n e s s  of the covi!r material i n  attenuating radon. 
This handbook prc;dides the basis,  the  rethodology, and the standardized 
procediires fo r  calculat i  cg the radon attenuation p r z v i d e d .  by cover systems 
placed ovcr urani TI m i l l  t a i l i n g s  irnpoundfients. I t  i s  an update of an 
e a r l i e r  handbook(l7 and as such contains .significznt new information r,n 
estimating and measwing diffusion coeff ic ients .  I t  also incorporates the 
resu l t s  of reccnt research e f f o r t s ,  par t icular ly  in the areas of the 
physical &:scription of the diffusion ccef f ic ien t ,  the e f f e c t s  of c!-zcking 
and other defects and the e f fec ts  of advective redijn trans?ort  cau'sed by 
moisture evapcration or barometric pressure v a r i a t i w s .  

The handbcok contains specif ic  procedures for designing t a i l i n g s  
covers for  adequate radon ' attenuation. The proceiures are presented so 
t h a t  the desicy analysis can be performed with e i t3er  hand calculators or 
with more complex computer models. Both methods give suf f ic ien t  accuracy 
i n  the required cover thickness for  most pract ical  qjpl icat ions.  The hand- 
book a lso contains A great.ly expanded data base f c r  estimating diffusion 
coef f ic ien ts  based upon s9il  type, compaction and rrioisture content. 

1.1 - O9GANI ZATTr);! OF HAI.:DBOGK 

T h i s  h a n d h o k  addresses the follctwing m a i n  topics important in 
evaluating the effectiveness o f  cover designs for  radon attenuation. 

1. Concise procedures fo r  calculat ing cover thicknesses .required 
to s a t i s f y  the design c r i te r ion  using b o t h  exact and 
approximate expressions. 

coeff ic ients  f o r  cover materials.  
2. Experimental techniques used t o  measure the r a d o n  diffusion 

3.  Proced3res a n d  a d a t a  base for  estimating diffusion 
coef f ic ien ts  for cover materials for use w k w  specif ic  
measureacnts on the material are c o t  available.  
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I n  a d d i t i o n ,  the i i ancbmk  rcntains suppGrting in:ornstion i n  the 
fo11 v,qi ng  arezs : 

1. An idJq t i f ica t ion  o f  other key refcrenccs relzt ing t o  rzdon 
t r a n s p x t  t1irol:c.h n a t c r i ~ l s .  This also inclddes recent 
f i e l d  v c - r i f i c a t ! o n  of b o t h  the calculational procedures 
and the 1 abcrator-y mcasurenents . 

2. A discussion of the charac te r i s t ics  o f  the radon source 

3. The mathematical development of the procedures a n d  a 

term end i t s  ir,fluence on cover des ign .  

l i s t i n g  o f  the l?AECC:.l conputer pi-ogran and i i p u t  data format. 

A background review of ear ly  and recent relevant l i t e r a t u r e  i s  pre- 
sented i n  the following section of t h i s  chapter. Specific quant i ta t ive 
resu l t s  from the recent l i t e r a t u r e  are presented as appropriate t o  the 
technical developniont i n  l a te r  chapters. Chapter 2 contains the procedures 
f o r  calculating the required cover thicknesses, aloncj w i t h  several 
i l  l c s t r a t i c n s  and examples. The Rethods f o r  measuring diffusion 
coeff ic ients  me presented i n  Chapter 3 ,  along w i t h  a cornpre+ensive data 
base f o r  a variety o f  so i l  tjTes. The pethods for  estimating the cover 
diffusion coefficients are given in Ckapter 4. Chaptcr 5 contains 'a  
discussion of the e f fec ts  of advect'ron, cover defects and source t a m  
variations.  The sumary i n  Chapter 6 contains a checklist  of the cover 
des ign  procedures. The mathematical develqment and conputer code infctr- 
matioil are given i n  Appendices o f  the handbcok. 

1.2 BACKGKOUXI R d D  PREVIOUS WC2X 

Radon does no t  combine readi ly  w i t h  other elcments because i t  i s  a 
chemically i c e r t  gas. The principal isotope of radon, 222Rn. is generated 
from. the radioactive deczy of 22oRa and i s  a decay daughter i n  the 23% 
decay ser ies  as shown i n  Figure 1. The h a l f - l i f e  o f  radon, T , is 3.8 days 

Furthermore; the generation of L L Z R n  continues a t  i t s  current-rate f o r  many 
thogsands of years due t c  the re la t ive ly  long half- l ives  of L26Ras and i t s  
parent, 230Th, which are both present i n  the ta i l ings .  

which allows the radon to  rnigr$,te considerable distances be ? ore decaying. 

The calculation of the thicknesses o f  covw materials required t o  
attenuate r&on flux t o  near-backSrmnd levels i s  generally based upon 
d i f fus ion  theory. The effectiveness of a par t icular  cover material i n  
at tenuating radon release depends upon t h a t  mater ie l ' s  a b i l i t y  t o  r e s t r i c t  
the diffusicn lcng enough t h a t  the radon decays t o  a sol id  daughter and  
becomes trappe3 before i t  completely penetrates the cover. The parameter 
tha t  characterizes this radon movewnt i n  the s o i l  i s  czlled the diffusion ' 

coef f i c i ent , 
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G?srarch;.rs t:a-:e lcng been i!it.ercsted i n  th:! diffusicn zn3  tranzpr!i.t 
of rLd,ii ti;j$;;ntl, i;crouS iriz:i:ri.:!s. ~ Ea,-:y :tu!3i?; of r a d m  i n  the cat : i ra l  
e ~ ~ , i r ~ ! ! ~ ! ~ : i ~ ~ ~ - ~ ~ ~  ';;s:rc rr:p?~C-.,ir;tc.~: by researc!i dea'iing speci i icz  11;' b;i til 
t k ?  diffusi<::::7 s!i11 tran5'i<:i-: of  r.?ri?r! pi-od:~cc4 i n  gr6:iic.; r.il 11 
taiiii;gs!!3-i5) ;nd c i - r l  m i n t ? r z ~ s . ( i 7 ; l ~ )  I C  par t icuiar ,  References 3 tilid 

, 19 contain excellent ~ ~ r l y  r2,:jcxs o f  t h e  gEficr2; topic,  2nd i tcferexe 23 
c o n t a i ~ s  a coxpreh5nsive bibiic(;r;lp!iy o f  pre-1520 c o r k  on the e f fec ts  o f  
moicture on radon cnm;tion ar,d diffusion. 

~~ . .  ~~ 

Anong the f . i r s t  major studies concerned -with the diffusion o f  radoq 
f r m  uraniun mill t a i l ings  are those reported i n  Referen:c; 13-15. These 
s tydiss  were based on expcrinionts w i t h  the diffusion of radon thrwg!i 
t a i l i n g s ,  soi 1 and concrete. Mezstirements made d w i n g  these cxperiinents 
were compared w i t h  diffusion theory modeling and frcm the comparison, 
dif ftisi on cqeff i c ients  were dcduced. In other laboratory 
experiniGiits,(21-23) the diffusicn of rsdon tlirough various t a i l i n g s  and  
ccver materials was measured.. 3 i i fusjon ccef f ic ien ts  are generally deduced 
from meascrea:-yts of b o t h  rador, f luxes and from r a d o n  gas concentration 
profi 1 es . (24-33 1 

Field t e s t s  using uranium t a i l i n g s  materials also have yi I d a d  infor- 
mation associated with the d i f f u s i m  coef f ic ien t .  In one testfi241 ssrface 
radon fluxes wwe measured for various t h i c k x s s e s  of a cover material 
placed over a small p l o t  of t a i l i n s s .  The diffusion coeff ic ient  obtained 
from a least-squarss f i t  of the flux dat ' a s  consistpot with the 
laboratory pi? surenent o f  similzr materia1.4241 In the other f i e l d  
neasurement(25 ? the diffusion coeff ic ient  was d, OducPd from in-s j tu  borehole 
logging of the 226Ra and 22iRn concentrations in acidic ana alkaline 
ta i l ings .  The radon  transport  through synthetic materials can also be 
described with diffusion thecry using a diffusion coeff ic ient  for the 
material to characterize the diffusion. The primary concern w i t h  synthetic 
materials is  their s b i l i t y  t o  maintain t h e i r  in tegr i ty  f o r  th2  long period 
of t i c e  tha t  i s  required. However, several n a t e r i a l s  have been ident i f ied 
as ef fec t ive  fo r  the short-term reduction of radon. Diffusion coef f ic ien ts  
for several synthet ic  materials are presented i n  aeferences 26, 21 and 28. 
Materials such as asiihal t ,  EPD:4 rubber, polyethylene sheets,  polycarbonate 
sheets,  and M l a  are characterized by diffusion coeff ic ients  of l ess  than 
10-6 cm2/sec. Y25ij 

Recent f i e l d  Incasurements of radon diffusion coef f ic ien ts  f o r  
candidate cover materials for mill t a i l i n g s  give resu l t s  t h a t  are  
consistent with laboratory rneastirenents for  the sane r n a t s r i a l s . ( 3 6 ~ 3 ~ )  I n  
par t icular  the measurevents and analysis i n  Reference 36 demonstrate 
excellent agreement of nodel calculations w i t h  the annual average f i e l d -  
measured values crsi ng laboratory-measured parawters  as input t3  the mode I 
ca lcu la t i  ns Additicnnl f i e l d  d a t a  have also recently become 
a ~ a i : a : l e ? ~ a J  for comparjson w i t h  laboratory measurements and calculat ional  
models. 

Other recent e f f o r t s  have focused u p x  irethods fo r  calculat ing or  
estimating r don d i f f  rsion coeff ic ients  with tcc-iiniques ranging from simple 
correl  a t  ions?22,23,39\ t o  corr,plex models. ( ' O O , ~ !  Consi dcrable success has 
been achievc-d with b o t h  the correlat icns  and t h :  models. 
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The thicksess of CO: '?~ mste:-i&! requir3d f;r uraniun-nil1 t a i l i n g s  
r e c l a c a t i w  is uscally 2 e t e r c i n c d  by a radon f l u x  or concenfrsiion 
c r i te r ion  \r';ich must be sz t i s f ied .  The general apprsacn used S n  estimatirtg 
thc required ti-,iikness of il C O V , ? ~  c m  be divided into tva phzszs. F i r s t ,  
t h e  characrer is t ic  parinetcvs o f  t h e  t a i l i q s  and co.Jer cust  be rceJsur-ed 
or es t i sa ted .  Ihese include tl.:e rsdori di-ffusion coef f ic ien ts ,  porosit ies 
and rmistiures o f  the tzflings and cover, and the radium content and 
emanating powiir of the ta i l ings .  Second t h e  thic;:n,oss o f  cover needed t o  
achieve a prescribed radon flux i s  deternin.-d by i t e r a t i v e l y  calculating 
radon fluxes for various cover thicknesses unt i l  the thickness g i v i n g  the 
prescribed flux i s  f o u n d .  A 1  ternatively,  iin approximate expression can be 
used t o  calculate  the cover thickwsl; direct ly .  

- 

t 

I n  the follcwing equations en3 t h r o u g h o u t  th i s  handbook, the diffusion 
coefficierit for  radon in the to ta l  pcre s p x e  o f  the soi l  i s  designated by 
the s)nSol D, consistent w i t h  recc i t  reports on radon movement. A seccfid 
parameter, the e f fzc t iue  bull: diffusion coeff ic ient  o f  the s o i l ,  is  often 
designated De, 2nd has sometiim been confused w i t h  C d w  t o  varying 
synbols and nownclature used i n  t h ?  l i t e r a t u r e .  The t ~ a  zTe re lc t rd  by 
D =  v:here p i s  the to ta l  soil  pcrosity. Ident'cal norwnclature hut  
diff ,9-c , / ," t .  sjmbols were used i n  the e a r l i e r  kandbookli) and Zn the IIRC's 
Generic Environnsntal Impact Statece!ii on Urztiim Kill ing (Appendix ?). 
The syibol D i n  those reports ccrresponds t o  0,. in this kansbcol:. 

The one-dimensicnal steady-state radon diffusion equation is:  

D - d2C -XC -+ Rp\E/p = O , 
dx* 

where 

C = radon concentration i n  the  t o t a l  pore spzce ( p C i  cm-3) 

D = diffusion w e f f i c i c n t  for  radon i n  the tot21 pore s g x e  
( c n t 4 )  

X = decay c m s t a n t  o f  radon (2.1~10-6 s-1) 

R = specif ic  ac t iv i ty .of  radium in the s o i l  (pCi 9-1) 

P = dry b u l k  density of the soi l  (c j  cz-3) 

E = r adon  emcnatIcn coeff ic ient  (dirensionless)  

p = t o t a l  porosity of the soi l  (dirnmsioniess) 

2-1 
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where 

J = bvik radon f lux ( p C i  f i -2 s-1; 

104 = factor  t o  ccnvert itnits from p c i  ~ ~ - 3 s - 1  t o  pci m-25-1 

Appendix A contains t h e  nather-atical basis for  Equation 1 as well as 
for  the solutions used in thi; haridbook. The solutions of i n t e r e s t  are f o r  
bare t a i l i n g s ,  t z i l i q s  covered w i t h  hosog2neous material ,  and 8 
generalized nultiregion problem with many i a i l i r g s  and cover layers.  

2.2 -.- FLUX FROM PARE TAIL= 

The solution of Equations 1 and 2 f o r  the flux from a bare, 
hoinogeneaus t a i l i n g s  p i l e  i s :  

J t  = lo4 RpE\ 'G t a n h k  x t  , ( 3 )  - 

where 

J t  = radon flux from the t a i l i n g s  surface (pCi m-2s-1) 

x t  = thickness of t a i l i n g s  (cn) 

The subscript  "t" refers  t o  the t a i l i n g s  region. A graph o f  Jt/R E i s  
given in Figure 2 as a function of x t ,  i l l u s t r a t i n g  the l imitat ion on the 
radon flux imposed by radon decay, par t icu lar ly  for  low diffusion 
cceff ic ients .  As i l l u s t r a t e d ,  most o f  the radon comes from the surface 
layers of t a i l i n g s ;  hence there i s  an advantage in consolidating t a i l i n g s  
i n t o  smaller, thicker p i les .  

F.3 FLUX FROM CO~r 'E2ED TAILINGS 

The exact solution from diffasion theory t o  the two-region, t a i l i n ~ s -  
cover problem is:  

2-2 
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rn = 10-2 p:,l!p = fr,:ctic!:al :noisture saturatiori (d'acnsioz'iess) 

!4 = inoistui-e content ( d r y  x,-ight percent) 

k = 0.26'pCi/cm3 i n  3::ater per pCi/crn3 i n  a i r  

Thc  subscript "c" pertain; t o  the cover region, and J t  i s  given i n  
Eqcl3tion 3 .  A rncrc detailed description o f  the parawter  iii and  i t s  
mi s tu re  de7endence i c ,  give3 i n  Appendix .A. 

dit ions.  
t a n h ( b t x t )  i s  appraxirnately unity, then Equation 4 beccres: 

I t  i s  of interest  t o  exanline the beha.Jior of J under var ious  con- 
For a t  eqaal t o  a,-, and for suf i ic ie . , t ly  thick ta i l ings  such t h a c  

whcch i s  the simple exponential attenuation shown by Curve A in Figwe 3 .  
Hokiever, i f  at<<ac, Equaticn 4 becomes 

For small xc ,  the value of J, i s  approximately equal to  J t  as shown by 
Curve B in Figure 3, before the cover f l u x  begins to  decrease. This e f fec t  
has been bscrved in laboratory measurements of radon fluxes from covered 
ta i l ings. tz2)  For large xc, Equation 6 becomes: 

JC(XC large) = 2Jt exp(-bcxc) , ( 7 )  

so that Jc decreases expcnentia!ly i n  the same manner as in Equaticn 5 b u t  
re ta ins  twice t b $  magnitude whit!! i s  shswn by Curve B i n  Figure 3.  This i s  
a lso observable(L2) in laboratory rxzsurerwnts. 

2.4 COVER TI i I  CKt.!ESS FRO4 FLUX C!3ITEF:!ON 

The value o f  xc requirzd t o  achieve a specified f l u x  can bs obtained 
by rearrmginq Equcition 4 ,  assuming the ta i l ings are rr.9r-e than  100 cm 
thick,  and  approximating exp(-2bcxc) by (Jc/Jtj2. The resul t  is:  
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r .  

- ~ - ( a )  
I*tast p r a c t i c ? l  apgl ica: ic . : :s  r e q u i r e  a s i g n i f i c z n t  degree c~f 

a t t e n u d i i m  so t h a t .  t i l e  l a s t  t e r a  i n  t he  d2noninator  o f  Equ i i t i on  9 can be 
neglected. The r e s u l t i n g  c i r p l i f i e d  equa t ion  can be expressed i n  graphic 
f o rm in:: i s  presented as a nomc!-a;ih i n  F i g t i r e  4 . ( 3 9 )  

The r e q v i r e d  cover th ickness,  xc ,  i s  found by f i r s t  d e t e r m i n i n g  t h e  
r a t i o s  J,/Jt and ac /a t  2nd then r e f e r r i n g  t o  t h e  nomograph i n  F i g u r e  4. 
The v a l t d  o f  t h e  r a t i o  J c / J t  i s  focnd or1 Column A and t h e  v a l u e  of " /a t  on 
Column 0 .  These two va lues should Se ccnnected w i t h  a s t r a i g h t  l i n e ,  and a 
va lue  r z ? d  f r o a  Colunin C a t  the i n t e r s e c t i o n  w i t h  t h e  l i n e .  T h a i  szne 
va lue  ir,. l oca ted  on the  m o d i f i e d  s c a l e  C '  and a second l i n e  i s  drawn f r o m  
t h a t  ;alu? on C '  t o  the  va lue  o f  3, on Colucln 0. The i n t e r s e c t i o n  o f  t h e  
r e s u l t i n g  l i n e  w i t h  ColIJnn E g i v e s  t h e  cover  th ickness,  i n  u n i t s  o f  e i t h e r  
meters o r  f e e t .  

2.5 EXRYPLES OF SURFACE FLEX A!;3 CO!'iR THICKf !ESS DETERMI!!ATICNS 

Severa l  exarnples a re  g i ven  i n  t h i s  s e c t i o n  t o  i l l u s t r a t e  the use a f  
t h e  equz t i ons  and graphs. The f i r s t  generz l  e x m p l e s  a r c  c a l c u l a t i c n s  of 
t h e  s u r f a c e  f l u x  f rom covered t a i l i n g s .  F i g u r e  5 cor t ta ins t h e  r e s u l t s  o f  
cover  c a l c u l a t i o n s  f o r  a bare t a i l i n g s  f l u x  o f  J t  = 280 pCi/n2s. Va r ious  
d i f f u s i o n  c o e f f i c i e n t s  f o r  i h e  cover s o i l s  are used i n  Equa t ion  4 t:, G b t a i n  
t h e  cu rves  i n  t h e  f i g u r e . ( 4 6 )  As slivtm i n  the  n e x t  c h i p t e r ,  t h e  cove r  
m o i s t u r e  i s  t h e  dominant parameter a f f e c t i n g  t h e  D, and hence, t h e  radon 
a t t e n c a t i o n .  

As an e x m p l e  of t h e  c a l c u l a t i o n s  used t o  generate the curves i n  
F i g u r e  5, i t  i s  assumed t h a t  a t a i l i n g s  p i l e  has t h e  f o l l o w i n g  t y p i c a l  
values: 

R = 400 pC i /g  

P = 1.5 g/cm3 

E = 0.2 

D t  = 1 . 3 ~ 1 0 - 2  crn2/s 

p t  = 0.44 

x t  = 300 cm 

The radon f l u x  f ro:n t h e  s u r f e c e  of t h e  uncovered t a i l i n g s  i s  
c a l c u l a t e d  f r o n  Equa t ion  3: 
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Jt = (104 cn2/m2)(103) 

= 196 pCi/mzs 

I 

! 
I 

i 

! 

L . . .  - . . . . . . .  

Dc = 

Pc = 

Mc = 

Furthermore. it i s  assumed 

1 .5) (0.2) ( 2 .  IxlC-6) ( 3  .C13 )I ' tanh (2 .6 )  c 
Cover mzteri?l i s  availzble which can be coiyxtcr! t o  have th? 

f o i i uir i I; cj Fro  y r t. i es : 

7.8~10-3  cm2/s 

0.3 

6.3% 

hat mc = mt. 

The flux attenuation with two meters of  cover material is calcGlated 
from Equztion 4:  

- 2( 198) (3.76~10-2) 
Jc - 

2.893 - 0.001 

I f  a greater flux is acceptable, the saw calculaticn cijn be repeated 
with smaller cover thicknesses, or the required thickcess can be directly 
calculated from E uation 8.. For example, what cover thickness would yield 
a 3, o f  20 pCi m' 2 s-I? This is determinzd from Equation 8 as: 

2.893 - .009 xc = 61 I n 1  

xc = 118 cm 
. .  

As an example of the use of the ncmograph i n  Figure 4, a different 
system with the following parameters i s  considered: 

Jt = 400 pCi/m2s 

3, = 20 pCi/mZs 

PC = Pt = 0.30 

p = mt = 0.30 

Dc = De_ = 0..008 cd/s 

2-3 

. . . . . . . . . . . . . . . . . . . . . . .  __ __.. . . . . . . . . . . . . . . .  . . . .  .::O(-jQO 3%. ; :. .... : -. - --.--- --___.___- . 
. .  _ *  _.._.___.. .--,.-.. . . . . . . . .  ........... -. ...... 

/ 



A n  even sir,p!er way t o  use the no;Oar?pl: i s  t o  subs t i tu te  t h ?  va1l;e o f  
D c / D t  for a , / a t ;  i .e. ,  the quanticy p (1 - 0.74 m )  is assumed t:, be the 
same f e r  t h e  t z i l i n g s  and the cGvcr. To a c z o u g t  for  the vsr ia t ions i n  the 
r a t i u  o f  p (1 - 0.74 m) f o r  the cover to, th i :  t a i l i n g s ,  ths ru le  of t h m 5  
may be used t h a t  the c ve- thickness decreases by 0.1 m for  every 3.2 
decrease i n  t h i s  r s t i o .  p39j The d i i i u s i m  coefficient for  the tail ;r ,cs 
also has only a secucdary effect  cn xc ,  so t h a t ,  as an additional ru le  o f  
t h m b ,  xc changss by 0.1 m for every factor  of two ch:nse in D t .  'The 
direct ion of the change i s  determined from the folloding: If D t  i s  
increased by a factor  of 2 ,  b u t  J t  i s  known from d i rec t  masurement so t h a t  
i t  i s  unaffected by the c h a y e ,  the6 xc defrzsses by 0.1 m. On the other  
hand, i f  J t  i s  calculated from other parmsters , -  one o f  these parameters 
being D t ,  then J t  also varies with D t ,  so t h z t  the resul t ing e f f e c t  i s  t h a t  
xc insreases by 0.1 m for  every factor  of two increase ir; D t .  Ttiese ru les  
o f  thunb are s u n a r i t e d  in 'Table 1. Uith these rules of thum5, the cover 
thickness can be obtained frGm the normgraph usit;g. a valuc of unity for  the 
r a t i o  "/at, and then modifying xc accordingly. For exz-?le, i f  D t  equals 
0.002 c d / s  instead of O.CL8 as Siven above, and t h 2  value for  J t  is a 
measurcd,value tha t  does not change, then the xc of 1.8 rn is  incre;sed by 
0.2 m to  a value of 2.0 m, because the Dt; is  reduced by a fac tor  o f  four.  
Furthermore. if pc were equal t o  0.25 instead of 0.3, then the psros.ity 
r a t i o  decreases by about 0.2, so t h z t  xc i s  decreased fro3 2.0 m t o  1.9 m. 
If i n  the or iginal  example J t  were based upon a calcuiated value instead of 
a measured value sa tha t  a change i n  D t  a f fects  value of J t ,  then a 
reduction i n  D t  by a factcjr o f  four would yield a reduction i n  the cover 
thickness of 0.2 m, from 1.8 m to  1.6 m. 

TABLE 1 

RULES OF THUXE FOR ESTIMATING COVER THICKNESSES 

Change In Resulting Changes 
Parameter Change Parameter Value In Cover Thickfiess 

Pc( 1-0.74 m c )  
Pt(1-0.74 mJ 

0.2 decrezse . . 0.1 m decrease 

D t  factor  of 2 increase 0.1 rn decrease 

D t 9  Jt factor  o f  2 increasp 0.1 m increase 

(J.t unchmged) 
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2 .6 E:!! c T I ii F.C, i 0:; S Y STE l is  
The rn?+he::!ati czl solutions for nul ti - 1  ayer covers i n v o l  v i  iq three(  1 3 \  

and f o . . . - ! ~ ~ ~ i )  rc?ior!  sy:tr-~!s have been p:-rsent;ed previot1:ly. A g e n e r a l  
i n u l  t i r x : ! j i cn  s y s t m  srust be soivi.6 b y  ce,z?pater using natr ix  formilations o f  
ttic dii'iu:icn eqxitions;  however, ap?rorimc.te analytical  solutions are 8150 
ava i 1 a b  ie .  

- . .~ 

2.6.1 Ttic! P?,EC&I Cosputcr Code 

RAECOM (acronyn for  Radon Attenuation Effectiveness and Cover 
_d Outinizatjon w i t h  i b i s t u r r  3 f e c t s ) -  i s  a FCRTRA3 cornjmter program Gkich 
determines the r a d h  fluxes and concentrations in a multilayer uransum 
t a i l i n g s  and cover cysten and then optimizes the thickness of a s ecif ied 
cover layer t o  s a t i s f y  given constrainis on the maxinum radon flux. 848 1 

R logic flovr diagrzm fcr  the ccde i s  shown in Figure 6. F i r s t ,  the 
D's are calculated,  fron a correlztinn if they are not i n p u t  d i rec t ly .  Then 
the rnigrat.ion cf radon i s  determined for the specified cover charac- 
t e r i s t i c s  and the radon concentrations ( C ) ,  and the radon fluxes ( J )  are 
calculated. The cover optimization i s  perforined yielding adjusted v a ? x s  
( x )  fo r  the lzyer thicknesses. The rsdon n i g r ~ t i m  calculations are then 
repeated f w  each J and C w i t h  t h e  adjusted cover layer thicknesses, and 
the resu l t ing  surface f lux,  J,, i s  tp,sted against the sppcified c r i t e r i o n ,  
JCrit.  I f  t h i s  c r i te r ion  is w t i s f i e d ,  the code proceeds to  f i n a l  output. 
If the 'flux c r i te r ion  is n o t  sat.isf.icd, appropriate layer thicknesses are 
adjusted within the spc-cified ccn:traints, radon migration calculat ions are 
repented, and the surface radon flux i s  again tested against the flux 
c r i te r ion .  This process i s  rcjxated unt i l  a l l  c r i t e r i a  are s a t i s f i e d .  The 
code then prints out a l l  radon attenuation data. The i n p u t  data format and 
code ' l i s t i n g  are given in Appendix B. 

2.6.2 Approximate Expressions 

When i t  is necessary t o  estircate the radon f l u x  from a multilayer 
system or t o  deiermine a cover layer thickness w i t h o u t  resor t ing to  a 
computer ca lcu l? t icn ,  approximate analytical  expressions may be used. The 
expressions presented in t h i s  section can be used for  tha t  purpose. 

The  procedure for  inultilayer systems utilizes a sequential application 
of Equa t ions  4 or 8 t o  each cover layer;  The procedure t r e a t s  the cover 
laycr in question as a s ingle  cover system with a modified source lzyer 
accounting f o r  the t a i l i n q s  and a l l  cover layers beneath the layer in 
question. In order t o  apply Equation 8 to  the layer in question, an 
estim;lte must be made of  t he  r a d o n  f lux from the previous layer,  J t ,  and 
the diffusion coeff ic ient  of the source, D t .  Following are the s teps  i n  
this procedure u t i l i z ing  ths cover system configuration shown in Figure 7:  

2-11 
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1. 

2. 

3 .  

4.  

5 .  

6 .  

7. 

2.6.3 

Calculate t h e  ra ton  f l u x  f r o m  t h i .  f i r s t  c w e r  layer, J c ~ ,  ~ $ i ~ g  
Equation 4 a n d  the t a i l i n g s  ani f i r s t  cover parmeters .  

Calculate an equivalent s3urce diffusion coeff ic ient ,  Dtl, 
from Equst ion 9: 

Dtl i s  used i n  analyzing the second cover layer. If the 
cover consists of o n l y  two layers,  use J c l  as J t  and O i l  
as Dt i n  Equation 8 t o  calculate  the required thickness 
of layer 2,  xc2.  The n2w source term thickness ' i s  x c l  + 
x t . ,  The D t l  i s  used to compute a t  and b t  f o r  Equation 8. 

If  xc2 i s  specified and the thi.ckness of a third cover 
layer i s  t o  be adjusted t o  s a t i s f y  the flux c r i te r ion ,  
then use E q u a t i o n  4 t o  calculate a new Jc2 w i t h  J c l  as 
J t ,  D t i  as D t ,  and x c l  plus x t  as the source thickness. 
The D t l  i s  used t o  compute a t  and 5 t  in Equation 14. 

Obtain a new source term diffusion coeff ic ient  for  
analyzing layer 3 from Equation 10: 

If the cover consis ts  o f  three layers use 4 2  as J t ,  
Dt2  as D t  t o  cmputo a t  and b t ,  ar;d the sum of x C l ,  xC2, 
and x for  the source term thickness i n  Equation 8 t o  
calcu f a t e  the required thickness of cover layer 3.  

For more than three cover layers repeat the above process 
as often as necessary, using Equation 11 t o  obtain the 
diffusion coef f ic ien t  for  the m d i f i e d  source term t o  
layer n + 1: 

D t n  = D t  exp[ - i = l  51: b c i X C i j f  D c n ( l  - e'bcnxCn) 

+ n - 1  Dci(l - e-bCixi) exp[- 5 bcjxcj] 

i = l  j=l+l 

Examples of Mu 1 t i  region 'Ca icu 1 a t  i on? 

(9) 

The t a i l i n g s  p i l e  described i n  the f i r s t  example i s  Lo be covered w i t h  
0.5 meter of 2 good qua l i ty  clay and suf f ic ien t  overburden t o  achieve a 
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t 

over bur Cen 0.022 

First, the bare tailings f 

Jt = 198 p 

Then, 
Equat 

taiiings 0.013 C J / S  0.04 11.7 0.4 

clay O.C0?8 cmqs 0.33 6.3 0.4 

C d / S  0.37 5.4 0.25 

ux i s  the S ~ P  as before: 

i /m% 

calculate the attenuation thrwgh thc clay component using 
on 4 .  

- 2(lC8)(0.440) 
Jc1 - 2.893 - (0.173) 
jCl = 64.1 pCi n-2s-1 

Now, determine the diffusion coefficient for the source term t o  the 
overburden (the source is now the tailinss and clay) using Equation 9. 

Dtl = Dt exp(-blxl) + D1 1 - exp(-blxl), 1 [ 
Dtl = (0.013)(0.440) + (O.G078)(1 - 0.44) 
Dtl = G.O1O1 cd/s 

The value of Dtl is then substituted for D t  and Jcl = 64.1 is 

[ 6.41 
L1.475 + 0.051 

substituted for Jt i n  Equation 8, giving 

x2 = 102 I n  

x2 

In 
this calculation t h e  effective smrcf thickness i s  assuwd to be large 
enou2il so that tarlh atxt is unity. 

146 cm = overburdm thickness 

The totzl cover thickness i s  thrrcfcre 146 cm + 50 c:n = 196 cm. 
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2.7 COVER SOYRCE C?.XSICE!XTIO.:S 

The e x k p l e  calculations o f  the previous sections did n o t  ccnsider any 
I surfzce radon flux contribution from radium i n  the covers. The cover 
* source terrll was s e t  eqgal t c  ze ro .  For s c i l  cover qa te r ia l s  containing 

background values of radoii, the e f fec t  of the radon froin the covers i s  very 
small a n d  i s  approximately additive,  so t h a t  the component of the radon 
f lux from radium in the cover material does n o t  appreciably a l t e r  the 
corponent o f  the radon flux from rad ium i n  the ta i l ings .  Furthermore, 
the l inear i ty  assumption for  t a i l i n g s  plus cover fluxes i s  conservative; 
tha t  i s ,  the surface f l u x  due only t o  the t a i l i n g s  i s  s l i g h t l y  less  w i t h  a 
cover source term than wit!iout t h ?  cover source term. 
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NUrbER CF LAYERS : 3 
li 'kDOrt FLUX itKC LAYER 1 : 0.000 pCi/r,Ysec 
SULFACE En223 CkiCEN?MiICN : 0.000 pCi/liter 

LAYER 3 ADJUSTED i0 HEET h i t  : 20.0 +/- O.lC3E-C?. piilm7/sec 
BAEE SOURCE FLUX (Jo) FRO!! LAYER 1 : 198.4 pCi/c?/sec 

LAYER THICKh'ESS DIFF COCFF PDkilS ITY S?J?CE f!GISTtlBE 
(ra) (cn?/sec) (pCi/cS/sec) (dry ut. Fercent) 

1 5;0. 1.30002-02 0.4200 5.7!!??-04 11.7G 
2 J9 . 7.8CGOE-03 0.30GO 0. C .~,i E-0 1 6.30 
3 1OC. 2.200GE-02 G.3700 O.G,XCE-Ol 5.40 

MIA R E S U L I S  O F  R A D O N  D I F F t i S I O N  C A L C U L A T I O H t t t t t  

n IC EXIT c C i ! C .  
(d (pCi/n2/sec) (pCi/liter) 

LAYER THICKHESS EXIT FLUX 

1 500. 7.6937Ei01 1.67GlE+O5 0.7U 
2 50. 4 .:285EtGI 4.4198Et03 0.7063 
3 149. ?.CCllE+Ol 0.0010E-01 0.8163 

Not a t  i on : .5000+003 = 0.5~103 
pCi/sqn*sec = p c i  rn-2s-1 
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3.1.2 B J r e  F l u x  and Covered C O L ~ C C  Coqcentrat ion 

The D o f  a cover m a t e r i a l  i n  n shor t  colunn cJn be determiccd f r o m  
measurements o f  tho  bare f l u x .  f r c l m  t b  radon source and the  radon 
c o n c m t r a t i o n  +he base c f  the cover a f t e r  the cover systen has 
equ i l i b ra ted . (2 f f33 j  Add i t iona l  q u a n t i t i e s  which mu;t be known o r  
est imated a r e  the r) o f  the source and the dry  p o r o s i t y  c f  ihe cover s o i l .  

An advantage o f  measurinc the bare f l u x  and the covered source 
concentrat ion i s  the irn;!roved s e n s i t i v i t y  f c r  rn ~ s ~ n w n t s  when the  radon 
does not  decay s i g n i f i c a n t l y  w i t h i n  the csver.73ZY The smal ler  sxp les  
requ i red  a lso  a l l ow  Greater c o n t r o l  o f  moistures znd dens i t i es .  A 
disadvantasc i s  t he  poor s e n s i t i v i t y  f o r  low d i f f u s i c n  c o e f f i c i e n t s .  

3.1.3 Trnns ient  Radon Concentrnt ion Above A Cover 

I f  a t e s t  cover i s  senled on one s i t e  and i t s  o ther  s ide i s  suddenly 
exposed t o  a h igh  constapt racim concentrz t ion,  the  concentrat ion o f  rzdon 
a t  the sealed sur face w i l l  increase w i t h  t im u n t i l  i t  rezches some steady- 
s t a t e  concentrat ion.  Measurerents o f  the increase w i t h  time, o r  t r a n s i e n t  
radon concentrat ion a t  the sealed sur fece prov ide  a s e n s i t i v e  measi;rc? of 
t he  d i f f u s i o n  c o e f f i c i e n t  o f  the ma te r ia l .  A l t h o q h  a congarison of the  
s teady-state concent ra t ion  w i t h . t h e  source c o n c e n t r a i i m  Kay a lso son2tirnes 
a l l ow  c a l c u l a t i o n  o f  a d i f f u s i o n  c o e f f i c i e n t ,  the c a l c u l a t i o  2 from the  
t r a n s i e n t  radon concent ra t ion  curve are usua l l y  most sens i t i ve . r l 6 )  

For t he  t r a n s i e n t  d i f f u s i o n  measureineiits t h e  radon source prov ides a 
high constant concent ra t ion  o f  radon whit!) i s  suddenly iqtroduced t o  tbe  
entrance o f  the d i f f u s i o n  tube conta in ing  the  s o i l .  By moni to r ing  t i le  
var1;tion i n  alpha a c t i v i t y  w i t h  t ime a t  the o ther  end o f  the  tube, a 
unique a c t i v i t y  curve i s  measured which i s  c h a r a c t e r i s t i c  o f  t he  d i f f u s i o n  
c o e f f i c i e n t  o f  the t e s t  mater ia l .  F igure 8 i l l u s t r z t e s  m2asurc.d and 
expected curves f o r  var ious vaiues o f  D. 

Major advantzaes o f  t h i s  method are the sho r t  t ime requirement, t h e  
freedoa f r o 3  atm3sp!ieric prcssi irc va r i z t i cns ,  the s r a l l  a o u n t  o f  sample 
requi red,  and th?  p o s s i b i l i t y  f o r  mois ture c o n t r o l  i n  the sealed system. 
The prepara t icn  can be completed w i t h i n  a f e w  hours, and the data c o l l e c -  
t i o n  can o f ten  be c m p l e t e d  w i t h i n  a fey  days o r  1c;s. This method can 
a l so  conbine the s e c s i t i v i t y  o f  t r a n s i e n t  neasuresents f o r  h igh  0 w i t h  the  
s e n s i t i v i t y  o f  s teady-state rcezsurerrients f o r  low D. A conparison o f  3 ' s -  
ntasuted wi,tn t h i s  apparatus tias stiorrn the r e s u l t s  t o  be no t  o n l y  
i n t e r n a l l y  cons is ten t  bu t  a lso cons is ten t  w f t h  s teady-state 

3-2 



_ . .  . . .  .... - ........ - . . . . . . . . . . . . . . .  

i 
, 

W 
I 

C A S  

I I I I 1 1co- 

G O  - 
I / 

S L C - u  SOIL 2 & . g  

1 10 1 GO 1000 
TIME (mln) 

10000 100000 

R A E - 1 0 0 7 0 0 A  

F I G U R E  8. TRANSIENT ALPIIA A C T I V I T Y  CURVES FOR MEASURlf lG RPiDON 
DIFFUSION C O E F F I C I E N T S  . 

..... -, 



! 

i 
! 
i 

I I 

i 
! 
! 

! 
.I 

I 

I , 

i 
t 

A1 thu*:gh the three proceilssrss d5siri'bed eh?:ve are ti12 nost ccm,,orlly 
used nerllcds o f  mzsuring 0, g t h c r  ir.?:hodr have also been used. A sealed 
coluzn can h2 used tc measure s:ezdy-stzte riidc,? concefitrations 3bGvQ and 
below il co;'er. This procedsre is similar to thc equilibriun conditisn of 
the transient procedgre descri5r.d abo*re,  2nd offers the sac12 advantage of 
retainina the moisture uniformly within the soil. This method also does 
not require the cceip1c.x equiprimt of the transient method, but only Lucas 
ce 11 s for inedsur i ng radon concentra t i cns . 

A nethcd for trqnsient 6:ta collecticn has also Seen utilized to 
measure the D throqh solid uranium ore.(51$52) A cylindrical cre d i s k  is 
sealed on its flat faces as well as the edge and the radon concentration is 
i s  allowed t o  increcse to equilibriun. A t  tine zero the sesl is rcnoved 
from the faces and air is passed over the faces ind analyzed fGr ridon ccn- 
tent. . The value of D is then calculated frcm the exhalation rates at 
different times. This procedure i s  generally useful only for radium- 
bearing source materizl. 

3.2 FIELD ClEASURE!4ENTS 

Measurerents mEde in the field zre more representative of actual 
diffusion coefficients and cover perforncnce. However, it is mare 
difficult t o  analyze field data due to the greater varizbility caused by 
environmental conditiors. It is also mare costly and often m r e  time 
consuming because more field measurements are usually required for iidequate 
precision. Many of the techniirues described above for laboratory reasure- 
ments can also be utilized under field conditions. 

Kraner, et. a 1 . p  measured radon soil-gas concentrations at various 
depths and derived the D of the soil as well as the surface flux frcm these 
data. Althosgh this procedure can result in a reasonable estimate o f  the 
diffusion ccefficient it is relatively insensitive under most conditions. 
I t  czn be shown that a la rge  variation in diffusion coefficient can result 
from only minor variations in the soil-gas concentrations. 

Hartley, et. al.,(53) measured the flux frca a bare tailings pile 3nd 
the flux through various tailings covers. \Ey estimating the other 
necessary information the average D of the cov2rs itere calcula cd,usirlq the 
s m e  procedure cutlined in Section 3.1.1. Nielson, et. al.,f26, coT3incd 
the various aethods in large columfis bgried in three tailings p i l e s .  The 
bare fluxest covcted fluxes, and radon soil g a s  concentrztiois were 
mcarurcd. Utilizing the metclod of Se t i  n 3.1.2 and Rcfcrence 7 ,  the D for 
eech field experiment was calculated.F"y 
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3.3  ~ ~ i ! - ! ' ~ , ~ s  @c (, ! I :CERTAI! i i lES - 
Ai; isportant factor in sklecting 2 method to wJs?lre the diffusion 

confriciciit o f  6 soil is its atility t o  pro:*i& a precise and sccllrite 
? - 2 S ~ : t .  Tr;i.is, it is tieipfu? tC c.xaniin.2 th? uncfr'taint:t?s associated l,+i t ! I  

t!ie vt!riGc;j ;r!tiiads t o  ck:?rr;i!:? t h e  r?rIg? o f  diffusion coeff icicnis t.9 
which each is b ? ; t  suited. T h ?  m3si?iti!.je of the reiativd tincert3ii:ty in D, 
shown in F i g u r e  9, is d?ternii;icd f o r  cac,, method usin9 representdtive 
values for the m.2Jsurernent systems dsscribd in Section 3.1. As s h ~ w n  in 
the figure, the uncertainties dre a function o f  the term ( h x ) .  
Furthernore, the transient diffusion instrucentation provides for the 
lowest overall relative uncertainties in D. Hher! 'bx excee3s 1.8, the 
steady-state concentrations corresponding t o  the plateaus in Figure 8 can 
be used to obtain the relative uncertainties showr; for the concentration - 
concentration method in Figilre 9. Vhc-n bx is less than 1.8, the transient 
method clearly exhibits the lowest uncertainty of the four methods. 

3.4 VALUES OF MEASl!P;ED D I r F U S i G l l  COEFFICIEtiT 

@.iffusion coefficient.. 'cr radon hzve been measured i n  a w'de variety 
of earthen materials unC tnveral research proje~ts(26,3~-36j over the 
past two years. The mea! _: err!.nnts have generally been ctined at determining 
the suitabi1ity:cf the m-!:er.i?ls as tailings covers. A data base of rzdo:i 
diffusion coefficients .!?r rit.ently assembled fron the results of the 
various rriasureinents an;' b.35 used to evaiuate t1.e overall ranvs 'and 
typical values of diffus.. ' . ; I  cceff icients o f  earthen twterials.(39~G) The 
data base includes the dry .'a::l;ities and moisture contents of the.soils and 
thus allows exmination of 1a:iations with moisture and compaction. Guch 
o f  the recent data also ix'ude sieve analyses, water drainage charac- 
teristics, and cther soil pcmeters used in later studies on the effects 
of moisture, compaction and soil texture on diffusim coefficients. 

The diffusion coefficient data base contains nearly 200 elefients, a 
representative sample of which is shom in Figure 10. The data were mostly 
measured by the time-dependent technique, but J;SO include many steady- 
state and sone field measurements. The diffusion coeff iciefits are. 
relatively constant at absolute dryness, .averaging 0.061 2.0.006 cm?/s for 
the dry soils tested. It is well knoxn that increasing moisture causes 
loiter diffusion coefficients.. 

The variation i n  diffusion coefficients at intermediate rnoistures can 
be largely attributed t o  varying pore size distributions; however, the 
variation at high mistures (rn = 0.9-1.0) cannot, Instead, this variation 
results from the very steeD variation in diffusion coefficients with 
rraisture as m approaches unity. This causes large apparent errors in 
diffusion Coefficients to result from relatively small errors in sariplc: 
noisture content, density, or specific gravity estimates from which the 
saturation, m, is cstioiated. The large vzriation near saturation in 
FitJlJr? 10 i s  therefore attributed to uncertainties in the degre? c f  
moisture saturaticn of the soil samples. 

I 
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A bi;:s i s  w t c - 3  i n  cocl3arinq tiv d i f f u z i . 2 2  c r 3 e f f i c i 2 n t 5  a t  s a t h - a t i o i .  
i n  F i c u r c  10 w i t h  the expected- va lue o f  6x10'6 cmz/s, t he  d i f f u s i c n  
coef f ic ie ! i ' i  for c ; ~ : i ~ l ~ ! . ~ l y  s j t u r c t e d  ; o i l s .  Th i s  -- is-  du;) t z  d i f f i c G l t y  i n  
cos2let;:ly s;tur.?ti!:? J s?-3ie, mi a i s o  t o  t r u n c a t i o n  o f  t h e  lower  p a r t  o f  
t he  d i s t r i b u t i o n  c f  t k s c i  c o f i f  i c i s i i t s .  T h 2  t r u n c a t i m  . occurs b x w s e  
d i f f u s i o n  c o e f f ' r i c n t s  o f  >lG-5 cnZ/s. r s? :J i re  abodt seven days, f o r  
detection o f  t h e  rz.dcn aas f r c j G t  atid m e a ~ ~ r c ~ e n t s  WET2 o f t e n  te rm ina ted  
be fo re  t h i s  t i m e .  ?,ltlioiigh I;p?ar l i , ? i t s  such 6s <10-5 c d / s  wers es t ima ted  
f r o m  t h e  tcrrninJt i?, :  t ic?,  :;lese va:ues werc n3,t i n r l u d s d  i n  t h e  da ta  bsse. 

Other s o i l  prcpert ic?;  besides s o i l  m i s t u r e  may have an i n f l u e n c e  
on L). On? paremeter, t h e  oercent  pass ing a 290 lrtcsh s ieve,  i s  a convenient  
way t o  c l a s s i f y  s o i l s .  The d i f f u s i o n  c o e f f i c i e n t s  and o t h e r  p r o p e r t i e s  o f  
s e v e r a l  s o i l s  are g i v e n  i n  Table 3. The s o i l  d e s c r i p t i o n  i s  based upcn t h e  
percentage o f  cla;~s ani! s i l t s  i n  t h ?  m a t e r i a l ,  which i s  determined f rom t h e  
f r a c t i o n  pass ing J Go. 203 mesh screen. The s o i l s  i n  Table 3 Ere p laced  
i n t o  t h e  fo l l ow in ;  f o u r  sfcups., . acca rd ing  t o  t h e  f r a c t i c n  pass ing a lio. 200 
s ieve:  l e s s  tnan 0.3, 0.3 t o  0.5, 0.5 t o  0.8 and 0.8 t o  1.0. W i t h i n  each 
group t h e  s o i l s  w e  ordered accord ing  t o  i n c r s a s i n g  dry r rc i r jh t  pe rcen t  
mo is tu re .  For t h e  f i r s t  group the s o i s t u r e  v a r i e s  f rom 1.0 t o  9.13 percen t .  
These lower values arc t y p i c a l  f o r  sandy s o i l s .  The second group has 
mois tu res  r a n g i n g  f r o m  0.8 t o  18.2 percent .  l h e  d a t a  base f o r  t h e  t h i r d  
group has  a l i m i t e d  nunbcr o f  da ta  p a i n t s  and t h e  m o i s i u r e s  o n l y  range up 
t o  11.7 percent .  The m o i s t u r e  range fo r  t h e  lzst group i s  6 t o  38 percent ,  
r e p r e s e n t a t i v e  o f  c l a y e y  s o i l s .  T h i s  d a t a  base o n l y  con ta ins  d i f f u s i o n  
c o e f f i c i e n t s  f o r  >?i l s  compacted t o  g r e a t e r  than 90 pe rcen t  of s tands rd  
P r o c t o r  densi ty . (> ' )  S ince i t  i s  i n p o r t a n t  t h a t  t h e  h i g h e s t  p r a c t i c a l  
compact ion be zcb,icved f o r  ea r then  covers Over t h e  tailings so t h a t  rax'imum 
radon a t t e n u a t i o n  i s  obta ined,  p e r t i n s n t  e n g i n e e r i n g  s p e c i f i c a t i o n s  shou ld  
u s u a l l y  c a l l  f o r  coGpactions o f  a t  l e a s t  90 percen t  o f  .s tandard F r o c t o r  
cv,Ipac t i on. 



P e r c e n t  M 0 
Passing A M o i s t u r e  D e n k i t y  
#ZOO Cksh (dry wt.X,! Lq/cm3)  

0-30% 1 .o 1.81 
1.2 1.87 
1.5 1.83 

3 .ci 1.72 
3.4 1.79 
4.4 1.83 
5.4 1.78 

2.3 i .a3 

9.8 1 .a2 

30-50% 9.8 
1.9 
2.4 
3.3 
3.4 
3.5 
3.9 
4.2 
4.6 
5.1 
5.2 
5.3 
6.3 
6.4 
6.8 
7.6 
0.4 
9 .o 
9.3 
12 .o 
14.3 
15 .O 

1.86 
1.72 
1.82 
1.68 
1.76 
1.70 
1.62 
1.63 
1.80 
1.68 
1.63 
1.73 
1.82 
1.60 
1.64 
1.62 
1.64 
1.81 
1.69 
1 .G9 
1.80 
1.80 

. -. . .. __ . . .. .. - . 

D 
D i f f u s i o n  Perceci  M P 

C o e f f i c i e n t  Passing A M o i s t t i r e  D e n s i t y  
(cniZ/s) $200 yesti (dry wt .z )  (g /cm31 

0.030 
.OG2 
.023 
.03i 
.02e 
.024 
,056 
,036 
.0056 

0.020 
.039 
.035 
,016 
.030 
.038 
.017 
.Ml 
.037 
.028 
.036 
.027 
.031 
.045 
.025 
.018 
.011 
,0029 
.Ol4 
.0091 

.00081 

.om8 
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30-50% 17 .S 
(cont) 17.9 

17.9 
18.2 

50-8CG 1.6 
2.4 
3.1 
5.1 

IO .6 
11.7 

8C- 100% 6.0 
6 .O 
8.5 
9.1 
10.0 
11 .o 
11.3 
11.6 
13.7 
13.8 
15.0 
16 .O 
21 .o 
23 .O 
23 .O 

I 24.5 
25.5 
27.6 
27.7 
38.0 

1 .'SO 
1 .so 
1.81 
1 .EO 

1.61 
1.93 
1.76 
1.66 
1.72 
1.55 

1.84 
1.30 
1.45 
1.93 
1.73 
1.68 
1.35 
1.81 
1.89 
1.93 
1.65 
1.3i 
1.36 
1.36 
1.31 
1.35 

1.3U 
1.37 
1.30 

1.38 

D 
D i f f u s i o n  

C o e f f  i c i e n t  
(cm2/s ) 

0.090940 
.OG9379 
.000079 
.000032 

0 .029 
.039 
.026 
.024 
.017 
.c22 

0.012 
.036 
.054 
.0015 
,020 
.030 
.{137 
.0n2 
.0013 
.0022 
.0010 
.038 
.0142 
.0150 
.0047 
.0134 
,0122 
.@052 
.0c67 
.r)OClO 

.. . ~ 



Ration diffusioi ciiefficie:;:; for eari!!z:: ca" , c ;~a l s  h;ve traditionally 
hzcn dp'crnircij frp!; l a5o i -<? ' ;~ i r ; *  r??z;Ir>;!1eritj Hiti? [.he siibjfrt scii z t  a 
prescriS2d i-coistur-c ccr,tc:f i t  ;.rid c p.Jciion. Hoi.;euer, i t  is often d2sir3ble 

- t o  e s t i m t e  thz tiiffusic!; ccc f f i c j sn t  cf r?.terials. under varying cor:ditions 
for \chicti ncasured vdlties are fist A v a i l a b l ? .  This can be done wi th  either 
compi9x nodels based u?on p h Y j i C a 1  charsctei-istics o f  the soil, or upon 
empirical correlations h.jsed upon razasured valu?s a f  0. 60th approaches 
are discussed in t h i s  chapt", an3 the adv?n tages  and disadvantagi?s o f  each 
are given. Because soi l  m i s t w e  2nd comp2ciion x e  important factors in 
the value of 0 for 'a given s o i l ,  they Ere z lso  examined in detail in this 
chapter. 

In order to predict the diffusion coefficient of radon from physical 
properties of an earthen material withgut conducting rzdon measurenents, 
empirical correlations have generally be2n u,sed. @ne of the earlier 
correlations is the correl-tion with misturei55) which was used in the 
GEIS on uraniun milli Another i s  a correletion, with the air-filled 
porosity of the soil . r j j )  Although these correlations permit estimation of 
diffusion coefficients from soil prcpcrties rather thcin diffusior measure- 
ments, their basis i s  .still a series of measured values of diffusion 
coefficients . 

(46)1 

4.1 DIFFUSIGN COEFFICIE!:T KOCEL 

Recently, a theor2tical mdel has  been developed for estimating radon 
diffl;sion coe'fi .ients without relying on fitted parameters to radon 
diffusicn data.l411 The formalism considers the detailed coiilpcsition of 
the pore fluid as well as a statistical definiticn o f  the pore structure of 
the material. As illustrated in Figure 11, the pore fluid is modeled 2s a 
two-pnase mixture o f  air an3 water, with radon diffusion occurring in both 
phases, and with radon exchange occurring between the air and water. The 
pore structure is mdeled frcm the measured pore size distribution o f  the 
soil, and is described by the heighted average of all combinations of 
single and -9mposite pores. The soil parameters required to estimate a 
radon diffusion coefficient are thus the moisture, the packing density and 
the pore size distribution. 

Agreement between the wdel calculations and measured D values is 
generally within the experimcr: a 1  uncertainties in the data. A typical 
result is shcwn in Figure L?.t54) For the calculations, the pore size 
distribution uas de w e d  both from water drainage curves and from particle 
si te d is t r i but i on;. f 5 4  ' 2 

4 .2 0 I F F U S I (31  CO E F F 1 C I E i: T- CC2 I? EL AT I 0 :.i S 

Enpirical correlations for estimating D have the advantage of being 
simple and easy to use, w i t h  a minimal anwnt of infornatioq nwded. One 
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and is  plotted i n  F i y r e s  10 and 12 .  

conrnonly-mchsured moisture percentage, f 4 ,  i s :  
The relat ionship between the fract ion of saturat ion,  m, and the 

where 

p = dry bull: density ( g  cm-3) 

g = spec i f ic  gravity ( g  crn-3) 

M = dry weisht percent moisture (sa water/gn dry so i l )  x lo2 

The exponential argument i n  the correlat ion i s  a simple power serjes 
i n  m, where the f i r s t  t e rn  defines t h e  general downwsrd slope. The second 
te rn  contains the porosity influence and also causes a rare gradual 
decrease w i t h  moisture i n  the pore f i l l i n g  region. The f i n a l  terrr i n  the 
exponential argument accounts for major pore blockage near saturat ion and 
causes the m r e  rapid decreases needed i n  this region. 

4.3 U N C E R T A I N T I E S  OF D CO2RELATIOr4 E S T I M 4 T E S  

The correlat ion shown i n  Figure 10 has a geometric s t a d a r d  deviation 
of 2.0. However, individdal estimates for  a par t icular  so i l  a t  E given 
moisture may be uncertain by as much as 2n order o f  magnitude, especial ly  
for  higher valuzs of m. 

A reduction c a  be achieved i n  the error  associated w i t h  a D value 
from the ccrrelct ion i f  just cnc mcasurenent i s  made w i t h  the candidate 
s o i l .  I n  Senerhl, i f  the D a t  a given m for  a specif ic  soil i s  higher than 
the correlat ion,  i t  will remain h i g h s r  for  other values of m. As seen i n  
'igure 13, t h i s  i s  a l so  t rue  if the  nzasurcd D i s  1ov:er this the correla- 
t ion.  Valces for  the f w r  s o i l s  shcwn in the figlrre also indicate the f a c t  
t h a t  materizls w i t h  a wide rarge of par t ic le  sSzes have 1 o : w  D values. 
Therzfor?, by norrmlizing the cwre la t ion  t o  a m2asured valse f o r  the D of 
a spec i f ic  .,oil a t  a given rn, more accurate estimates car1 be made f o r  the D 
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Equation 14 c m  also be cy3ressed in thc fora t o  estimate the dry- 
weight percent s2i l  noisture: (59;  

!4 = 3.1P'i - 0.03E + 3.9fc3 - 1.0 (16) 

where M is the dry w z i g h t  percent soil noistiire. 

4.5 . CrJIVF\CT!CIJ EFFECTS C:l DlFFUS.!O!i COEFFIC1E:iTS 

Conpaction o f  the cover mat.crials generally reduces the equilibrium D 
value. The Ccminant effect is from the increase in the equilibrium m; 
however, for sone soils, D also dxrease with greater ccrnpacticn at a 
fixed m. For. soils with hi:her conpactions, such 2s represented by the 
data in Tsble 3, systematic biases fron: the correlat.ion are observed f o r  
certain tbpes af soils. 

The soil description in Table 3 i s  based upon' the percentaze of clqds 
and silts in the material, \:hick is determined from the frecticn pess.ing a 
No. ?OO mesh screen. As s t a t e d  previously, the soils are placed into four 
groups, according to the.fraction passing 5 No. 201) sieve. 

Diffusion coefficients from the first graup are an average of 
20 percent l o w -  than the correlation, and those f rom the second group are 
50 percent lower. Those in the third group are within one percent of the 
correlation, on the average, and the fourth group averages 30 percent 
higher than the correlation. These biases should be applied to the 
correlation in Equation 12 if it is used t o  obtain an estimate of D. For 
exrmple. for a soil with fcm less than 0.3, the D obtained from Equation 12 
can b e  divided by 1.2 to obtain a more accurate estimate of 0. 

Tire biases are cons'st nt with predictions from the diffusion 
coefflcicnt conputer mode1.!41f A material with a high clay-silt content 
i s  not as effective in attenuative radon as a material kith a wide range of 
particle sizes, fo r  a given saturation percentzge. These characteristics 
should be considered when selectlng cover materitls. 

A scgnificcnt increase i n  the lower limit of the volumetric water 
content, 0 ,  also occws fo r  m m y  soils at higher corpactions. The i c rcas .  
was particularly significant for densitie:; exceeding 1.5 g/crn3.?2G,607 
Exmination of the relat onship between m, 0 and porosity, p, i s  helpful in 
explaining the increases 

' 

I 

m = O/p (17) 
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4.6 S!JI.!Y.ARY 

T h ?  d u a l  effect. of increzsing con;;,action on 0 i s  i l l u s t r a t e d  in 
Figure 14. This wcll-;r.2dcd so i l  has 25 percent p a s s i n ?  a K O .  230 mesh. 
Incre.;si?q the tdlk density I J V  e i g h t  percent increases the equi l ibr iug m by 
a b o u t  0.':;. I t  ?:LO r e su l t s  in a vrlue o f  D t h a t  i s  about a f a c t o r  o f  four 
less t h a n  the correlat ion v ~ l i ) ?  o f  D a t  the same value of rn. The e f f ec t  of  
compaction on equilibrium so i l  m i s i u r e s  has also been demonstrated i n  
f i e  1 d t e s t s  . ( 3g/  

A simple co r re l a t ion  czn be used t o  estimate D f o r  many s o i l s .  The  
uncertainty associzted with the corrclut ion can be r e d x e d  by renoving the 
v a r i a b i l i t y  zssociated w i t h  the s o i l  t y p .  This cafi b,? accomplished by 
ncrmalizing the correlat ion t o  a data point for t!ie s o i l  under investiga- 
ton. The moisture content o f  the s o i l  g rea t ly  influences D, thus, i t  i s  
important t o  consider the misturc w!xn estimating or masur ing  D. 
Finzl ly ,  a hicjhcr compzc'ced s o i l  generally has  a h i ,gher  equ i l ib r iun  
Roisturc content and a lowrr 0. than the same soi l  a t  a louer compction. 
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5. 1 R!,y : ]  sp.:?:: y[?,:,l 

C h a r a c t e r i z a t i o n  of t he  source term i s  a m3jor s t e p  i n  pe r fo rm ing ,  t h e  
des i cc  a n a l y s i s  o f  3n adequate cc*;fr s y s t e a .  As g i v e n  by Equa t ion  3, t h e  
key p a r m e t e r ;  f o r  t h e  source term are  t f j e  rcCium c o n c e n t r z i i o n ,  t h e  d r y  
b u l k  density, t h e  er?ana‘iing p o w - ,  and th? d i f f u s i o n  c o e f f i c i e n t .  

Values for t h e  rad ium concec t ra t i on ,  R ,  o f  t a i l i n g s  can be measiired 
d i r e c t l y  f ro?  t a i l i n c j s  savnp)cc by t h e  r?d!xi e q u i l i h r i u a  RtthCd, and by 
d i r e c t  c;wma s w c t r o s c o p y . ( 2 0 * b J )  I f  a red ium a n a l y s i s  i s  not a v a i l a b l e ,  
i t  cail be e s t i a a t e d  q u i t e  a c c u r a t e l y  f r o m  :!?s u r z n i u q  c o n c c q t r a t i o n  o f  the 
o r e  as s p e c i f i e d  by t h e  o re  gi-adc, u s i v g  the  f o l l o w i n g  equa t ion :  

where 

Th is  eq l r z t i on  presumes equilibrium between t h e  uranium and rad ium i n  
the o r e  and a l l  radium be ing  con ta ined  i n  t h e  t a i l i n g s .  

The b u l k  d e n s i t y ,  p h ,  o f  t h e  s o l i d  t a i l i n g s  m a t e r i a l  i s  a r e l a t i v e l y  
ezsy  measurement t o  perform. I n  t h e  abserice o f  measured da ta  a t y p i c a l  
v a l u e  o f  1.5 g/im3 can be used for t h e  b u l k  d r y  d e n s i t y .  The d e n s i t y  o f  
most t a i l i n g s  p i l e s  will be wi t .h in  35 p e r c c n t  o f  t h i s  value. 

The emanating power, E, for  uranium t ? i l i q s  i s  t h e  f r a c t i o n  o f  t h o  
radon  genci-atefi t h s t  i s  f r e e  t o  d i f f u s e  i n  t h e  pore spaces. It has been 
shown r e c c n t l y f c 2 )  t h a t  ti v a r i e s  w i t h  m i s t u r e .  A shown i n  F i g u r e  15, E 
can va ry  c o n z i d e r a b l y  f o r  d i f f e r e n t  t a i l i n g s  p i l e s . t s 9 )  However, f o r  m s t  
p r a c t i c a l  app1ica:ions wi th  ur?r,iun, t a i l i n g s ,  s va lue  o f  0.2 i s  a 
reasonab le  es t r r ,a te  Gf  E. The d3t.; shodn i n  F iyGre 15 are  based upon a f w  
g r a b  s n p l e s  per pi l l . .  
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3 7  r n . . , z A  , ,... & U  ; , d l  z i : t i ~ 3  d ~ s i ? ! ,  c ~ i : t ~ p i ; .  For c >  ?'::?It?$ th? s;;nd cz::;y,ci;t r,C 
tai1ii:gs can he cffectivc 3s a bcr?c::r; layer nf a tailig-,s cc)vc:-. r,s 2 ~ ;  
illustraticn, t b i ; ?  c j r . i g i i i 3  1 F i l e  COT;: i~ . :< - ; t ion  cn: i : i s t s  o i  .? ce: i~:. :~ co:e sf 
s1iTi.s S:::-TD:;,?<:~~ b ; ~  ?!-: o:;t.:,- r i n g  Q !  s:.:lcs. T ? z  slizcs 3cc:jpg i .2  perccr:: 
i j f  r:i 12 ;?r-;.d t.112 s;:;?;ij t-r,rr,i;ri;? b!j y r c , y t  s i  t$e tzj:i:,:;s- 9thr.r kc:, 
par;lm?t.ers user' in t ! ; e  rcic!';.n cj;C..ii::icns f o r  t h i s  ex3-?1? $?re gi*Jen i n  

T c S l e  <. The c x m p i e  i s  f o r  z wri? 9 -  P r y  clii~~t.~ .witii dry,  szi-;c!y n a t e r i 2 . i  
used for t,hs cover. The velure Jv(?r:qe rzd iu rn  content for t i l e  pile i s  
660 p C i / g ,  yielding an average bzri. tailins: flux of 557 pCi/m?s. The 
calculated c o v e r  t h i c k n e 5 s  reqcirsd t o  reduce the average surface flux to 
20 pCi/mZs i s  494 cm. % o m  s z v i c g s  in covw costs can ss realized by 
covrlring the slimes portion of iilr p i 1 2  with sand tailings. The s2r.d 
tailings are not as effective as the ccv& nater-ial because they have 
elevated radium concentrations; h o x a e r ,  their use as a lower cover layw 
result in a net decrezsc in thr a ; n x n t  o f  clcm ccvcr material required, so 
that. using a sand tailinis layer of  122 cn, tne clean cover thickness 
required is reduced f r m  494 crii tc 410 cm. 

A series of calculsticns were also performed fGr varying thicknesses 
of the sand tailings layer, and a sand tailings cover efficiency for the 
example was generated. It is defimd as the fraction of clean cover that 
can be replaced by sandy tailinqs io yield tht. s m e  radg attenuaticn 
through the system. As shown in Fiyre 16, the sand tzilings arc nearly ES 
effective as the clean cover. Ttic cover efficiency varies froin 6 3  pwcent 
to 80 percent, decreasing wit3 increasing sand tailings layer thicknessi A 
cover efficiency of 70 percent neans that one ceter of sand tailings as 
cover is equivalent to 0.7 m of a clean cover soil with the szm? D value. 

- .  

5.3 LOPjG-TERfl INTEGRITY OF TAILINGS C3VERS 

A major consideration i n  determining the radon release frcm a tailings 
cover system is the long-term condition and integrity of the tailings and 
cover system itself. Even though an effective cover may be placed 
initially over the tailings, there are many rnxhanism that can disrupt a 
cover, and, because radon generally takes the path of least resistance, 
these mechanisms can render a significant part of the cover less effective 
in attenuating radon. The diffusion and advection mechapisms responsible 
for the transport of radon through porous materials can cause radon to 
migrate significant distances from its point of origin if there are defects 
in the material. Three of these mechanisms which csn disrupt a cover are 
vegetation, cracking and animal burroiling. The growth of  vegetation in the 
cover may affect the cover integrity in several ways. First, the 
occurrence o f  plaris \Jill remove m i s t w e  fron the cover soil due t o  plsct 
trsnspiraiicn. This loss o f  misture can dran?:tizally reduce th? cover;' 
effectiveness in attenuation radon. For exmplc, if a cover, which ccn- 
tains a 12 percent dry-wight misture, r?dutCs the flux to 2 pCi/m?sec, 
..them the s8xe cover viith a 7 pzrceqt mi'Jture contert and the'szite to%al 
porosity cnly redijces the flux to 17 :ri mCsZc. cj.ecresse to five percent 
wciuld yield a surface flux o f  GLoilt 25 pCi/riz5f:c. Second, if the plant 
.dies or lapses into a dormant or semidormant state during periods of 
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TA’5 L E 4 

Va 1 I:C- For- 
s i  j y y ;  -- -- Par,?r;e:er 

Radiun Content 633 pCi 

Dens i ty 1.6 g/cd 

Porosity 0.33 

Emanation Coefficient 0.4 

Dt 0.01 crn*/s 

Dc 0.035 cm*/s 

Valuk F m -  
Sands 

200 pCi 

1.6 g/cm3 

0.38 

0.3 

0.02 cin2/s 

0.035 cn*/s 

reduced precipitation, then air channels surrounding the roots may develop 
in the cover soil due t o  the reductic:: in size of roots. This chrxxjt 
state can occur re2eatadly for a significant fraction of each year. 

A series o f  three-dimmsional radon diffusion calculations have been 
with cracks and with holes from performed for tailings cover 

burrowing animals and vegetation. 43) Although the results of calculations 
depend sonwhat upon the particular goocietry of the cover penetrations, and 

1 other diffusion properties, the ccver degradation with penetration 
magnitude can generally be zipproximated by the correlation shown in 
Figure 17. This correlation was obtained from the results of the series of 
3-0 COCI ter calculations applied to various penetraticn geometries and 
sizes.(‘f3y The abscissa of Figure 17 i s  the percentage a-ea occupied by 
the disruption (cracks or holes). The ordinate is the percentage effective 
loss of cover effectiveness to the depth of the disruption. For example, a 
disruption that opens four percent of the area can result in a 50 percent 
loss of the effectiveness of the portion of the cover affected by the 
disruption. I f  the roots extend fiv? feet, then the top five feet of .‘3ver 
has the effectiveness of only 2.5 f?ei of original covC-r. However, cracks 
in properly designed tailings cc)vc:-s are generally relatively shallow and 
have only a minor effect on the surface radon flux. 

In othsr work on the effect; of cover defe~ts,(4~*~5) nultidinensional 
diffusion theory ca?culaticns suggest that a collection of cover defects 
which enhance radon flux by a fzctor o f  two or m r e  will be easily 
recognized, e.g., cracks  -at lecct 2 crr, Kide, spaced-less than 1 m apart-and 
penetrating 752 of the cwer tn ickqcss. 

Yst Oms 

i ’  
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PERCENT AREA DISRU?fED B Y  DEFECTS AAE-,C0,Q8A 

F I G U R E  17. LOSS I N  PADON ATTEKUATI3N EFFECTIVE!:ESS 
DUE TO C R A C K S  AND OTHER COVER DEFECTS.  
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Ths f o l l c x i r l g  t . :+ci i : i iq: ies arc. r x m x i & x !  t o  avo id  t h e  f o r m i i o n  o f  

1. Avo';G sni ;s t i t a t  form shr;r;:a5e c rdcks .  These i n c l s d e  s o i l s  

de fec ts  : (2s 

t h a t  are r i c h  i n  s l x c t i t r . s ,  i . e . ,  a l u ? i n o s i l i c o t e  c l a y s  which 
fo rm w ide  2 n d  &e:, si ir io1:zge cracks.  
by sta!?d;rd s o i i  s h r i n k q i e  t e s t s  o r  by a v a r i e t y  o f  t e s t s  
t ti a t c h a r a c t e r i z e c 1 a y s . 

2. Avoid s o i l s  t i t a t  are eroded e a s i l y  by p r e c i p i t a t i o n  runc; f f .  
These i n c l u d e  sodic  s o i l s ,  5.e., s o i l s  c o n t a i n i n g  u n u s u a l l y  
h i g h  c c n c e n t r a t i o n s  of l eachab le  sodium ion.  
i d e n t i f i e d  b y  t h e i r  sodium adsorp t i on  r a t i o s  be ing  g r e a t e r  
t han  15. 

T!icy car1 be de tec ted  

They can be 

3 .  Use c a r e  i n  t h e  des ign and a p p l i c a t i o n  o f  t h e  cover .  

I n  sumary ,  s e v e r a l  techniques are a v a i l a b l e  f o r  m a i n t a i n i n g  cover  
i n t e g r i t y .  I f  c racks  develop t h e  percentage l o s s  o f  cover e f f e c t i v e n e s s  i n  
t h e  crack depth zone i s  approx imate ly  equal  t o  twe lve  t i n e s  t h e  pe rcen t  o f  
t h e  su r face  area d i s r c p t e d  by c r z c k s  ( F i g u r e  17).  

5.4 RACON TRANSPOFT BY AD'!ECTIO!I 

Over t h e  l a s t  s e v e r a l  years t h e r e  has been growing ev idence presented 
t o  suggest enhanced radon t r a n s p o r t  i n  t h e  environment. Measured radon 
r e l e a s e s  from t h e  e a r t h ' s  s u r f a c e  have been assoc ia ted  wi th  rad ium and 
uranium sources t h a t  a r e  s u f f i c i e n t l y  renoved f rom t h e  e a r t h ' s  s u r f a c e  
t o  p rec lude  normal d i f f u s i o n a l  processes f rom b e i n g  t h e  dominant 
mechanism b y  which t h e  radon i s  t r a n s p o r t e d  t o  t h e  sur face.  An txanple o f  
t h i s  i s  t h e  enhancement o f  t h e  su r face  radon f l u x  t h a t  occu rs  p r i o r  t o  
ear thqudke a c t i v i t y  and the enhanced su r face  radon f l u x  h a l o  assoc ia ted  
w i t h  deep hydrocarbon aepos i t s .  These phenomena suggest tb.at radon i s  a l s o  
t r a n s p o r t e d  i n  t h e  geosphere by c o n v e c t i v e  o r  advec t i ve  mechanisms. Such 
mechanisms may a l s o  i n f l u e n c e  t h e  long-term radon t r a n s p o r t  through t h e  
cove rs  o f  uranium m i l l  t a i l i n g s ,  r e s u l t i n g  i n  long- term average radon 
r e l e a s e s  t h a t  a re  s i g n i f i c a n t l y  enhanced over t h e  re leases  p r e d i c t e d  w i t h  
s i m p l e  d i f f u s i o n  theory.  

Most phenomna, i n c l u d i n g  o t h e r  d i f f u s i o n a l  processes, t h a t  can 
p o t e n t i a l l y  i n f l u e n c e  radon advec t i on  coup le  i n t o  t h e  radon t r a n s p o r t  
e q u a t i o n  b y  t h e  t i m E -  and pos i t ion-dependent  v e l o c i t y  term. The m a g n i t d e  
and c y c l i c  f requency o f  t h e  advec t i ve  v e l o c i t y ,  v ( x , t )  and t h e  depth ove r  
which i t  occurs a re  c r i t i c a l  f a c t o r s  i n  ae te rm ic ing  t h e  degree of  
enhancement o f  t he  r a d m  f l u x  over i t s  d i f f u s i v e  value, Hence, i t  i s  
i m p c r t a n t  t o  a s c e r t a i n  t h e  form of v (x , t )  i n  o rde r  t o  e s t i m a t e  t h e  f l u x  
enhancment  from the  a d v e c t i v e  v e l o c i t y .  F o r  exzv?le,  water  evapora t i on  
f r o m  a t a i l i n g s  c w e r  i s  g e n e r a l l y  a c y c l i c  phenamcnon. I f  most o f  t h e  
wa t? r  e v a p o r a t i o n  f rom the  s o i l  occurs w i t h i n  a d i s t a n c e  o f  20 cm o f  t h e  



surfi.c::, t!ien no s ign i f i can t  ri:dc:n f ' lux enhancc;xr?t will occur ,  ev n if  1.112 

I t  h z s  been shoxn t h z t  by &,fining a diffuzive vclocity 8s 2\&, t h e  
flux enhzncecm: c ~ n  be esti;.ic.ted q;l,:ntitat itvely with r e l a t i v e l y  s i cq le  
expressicns, enahlisg many insiciits t u  be g s i n z d  a b o u t  radon advectirjn. 
Three inportr , i t  paramctcrj; rktcrrnine the long-tern czcjr,itude of flux 
enhancema't from advection--thc peak advection velocity,  the depth over 
which the advection a sp l i e s ,  aFd th'c t i n?  period of the advection. I n  
general advect.ion has only a mimr long-term e f f c c t  on the radon fl?lx c n t i l  
the advective veloci ty  i s  s i p i f i c a n t l y  greater t h a n  the.  d i f f c s ive  
velocity.  

The e f f ec t  of advectior; from cycl ical  rriechanisms on the long-term 
average radon flux can be estimated by measuring Jma3, the f lux  a t  the 
maxinuin point of th9 cycle and J,,in, the f lux a t  the mininu9 point o f  the 
cycle. The t o t a l  . lDng-term average flux, Ja ,  is just  the a r i t h e t i c  
average of Jnax' i n d  Jmin. Furthernore, the r a t i o  of t o t a l  average f l u x  t o  
the siTple diffusicn f lux,  J d ,  can be obtained from Figure 18 by fcriniry 
the r a t i o  K = Jmax/Jmin. The r a t i o  of the maximun m p l i t c d e ,  vo, of the 
advective veloci ty  to  the d i f f c s ive  velocity,  V d ,  i s  also given i n  the 
f i y r e .  For example, i f  a s e r i e s  o f  f l ax  reasurements on a t a i l i n g s  p i le  
yield a Jm,x o f  63 pCi m-25-1 and a Jmin G f  5 pCi rn-2s-1, thw K i s  equa! 
t o  12.6, and from Figure 18, the flex enhance!nent,,J,{Jd, i s  1.9. '[no 
long-term t o t a l  f l ux ,  Ja, i s  (68 ) /2  = 3.4 pCi ~ 1 ' ~ s -  ; therefore ,  the- 
d i f fus ive  f lux,  J d ,  \Guld be 18 pCi m-2s-1. The r a t i o  o f  the rnaxin:in 
amplitude of the advective veloci ty  to  the diffusive vel c i t y  i s  
vo/Vd = 1.6. . A  comnon value fo r  ,the diffusive velocity i s  3x10'8 cn s-1. 
Therefore, the maximum. magnitude. of the advective veloci ty  is  about 
5x10'' crn s-1. T h i s  i s  a much larger  valu? than i s  geccral ly  found around 
present uranium mil 1 ing environments; therefore,  Jdvection i s  general iy ncjt  

an importmt e f f e c t  f o r  semi-arid regicins. Because the d i f fus ive  veloci ty  
is  s i g n i f i c a n t l y  loaver fo r  humid areas,  advection may be Tore prominant i n  
conpari son. 

evspcratjon r a t e s  prcduce r-cl %t  i vely high advective velo: i t i e s .  ( 427 
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6 .  SUMMARY ASD WPLICAT:O!i 

~ ~ ~~. . , .  ~ ~ Tt.3 radcn releascs from hare and covered tailings can be c s t i m a t r d  
using diffusion theory, i f  appropriate diffusion coeff ic icn ts  are I I S F - ~ .  
The prczedures for calcvl?ti! ig thc ,thickness o f  an adc.qil3t? cover s y s t m  
are straight-forward and t h e  ca1cul':ticns can be pwfcrrned by h a n d  or by 
coriiputer prograas such as t he  RAEC3i-I cod?. A ?roccdural chsci:list for  t h 2  
:land czlculztions i s  given i n  TsSle 5. 

As sham in the table,  Step 1 i s  the calculation o f  a l l  source 
parameters. Step 2 i s  the caiculation of the cover paraseters.  These 
parameters ere i n p u t  to  ILAECOM f o r  a determin~tion of the recuired cover 
thickness and surface f lux.  If a hand cslculat icn i s  perforned, Step 3 i s  
the calculation of over attenuation parameters and  bare ta.ilings f lux.  
In Step 4, the required cover thickness i s  calculated. If the system 
consis ts  of a multilayer cover, the surface flux from the f i r s t  layer i s  
calculated in Step 4 and the diffusion coeff ic ient  for  the e f fec t ive  source 
term i s  calculated i n  Step 5 .  Repeat s t  p s  4 and 5 unt i l  the top layer i s  
calculated. The following exarnple(GJ'(j i l l u s t r a t e s  the use of th i s  
;.rocedure : 

The values used f o r  computing the bare t a i l i n g s  flux zi-e as follows: 

Step 1 

R = 231.8 p C i  g-1 

P = 1.6 g cm-3 

E = 0.2 

D t  = 0.013 cm? s-1 ' 

The value o f  D t  was obtained from Equation 12 ,  us ing  a t a i l i n g s  
residual moisture of M = 11.5 dry-weight percent, which y ie lds  a value of 
m = 0.45 u s i n g  Equation 13. 

Step 2 

The cover system consis ts  of tr io feet  of well-graded ezrthen material ,  
ccvered with random f i l l  or  overburden, and one-half foot of to  s o i l .  The 
P for the well qraded material is  estimated to be 0.0083 cm2 re based upon 
an m value of 0.55, and t h 2  D for. the Overburden and topsoil is estimated 
t o  be 0.02 cm2 s - 1  based upon an m value of 0.35. 

Step 3 

Substitution of t h P  $hove values i n t o  Equation 3 yields  for the bare . 

t a i l ings  flux: 
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D O . G i 3  . Cd8 3 
:' 0.4i G.35 
fl 11.5 11 .o 
m 0.45 0.55 

.02 
0.35 
7.0 
0.35 

S t C D  4 

U j i n p  these values, t h e  previously czlculated bare ta i l ings  radon 
flux, end assun2ng the porosities zrc equal f o r  a l l  materials yields 
~1 = 36 .4  p c i  m-+- s-1. 

T h e  next step ( S t e p  5 )  is t o  cslcul,3te the  D of the effect ive source 
term. This composite d i f f u s i o n  coefficietit i s  ctjnputed by Equat ion 9. 
T h u s ,  the cornposit? D t l  i s  conpted as: 

- 

1 D t l  = D t  exp(-Clxl) t D,! 1 - e x p ( - l q x i )  

where 

D t  = C.013 c d  s-1 

Dc. = 0.083 cm2 s-1 

x i  = 61 cm 

bl = (2.lxii)-6 s-1/0.0083 c d  s-1)' 

b l  = 0.016 cm-1 

then 

Oil = 0.013 (0.179) + 0.09515 = 0.0101 cm2 s - 1  

Step 4 i s  t h e n  repeated. 
i n  additicn Lo the clay Inyi'r by u s i n g  the fol1owi:ig quantit ies:  

Equclticn 8 yields the  d e p t h  of overburden-tcpsoil 
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= :e cm 3.64 1 1.569 + 0.130 
X c  = 97.6 In 

Thus, t h 2  t o t 3 1  cover  needed t o  achieve a radon f l u x  o f  20 pCi m-2 s-1 i s :  

61 c r  c l a y  
+ 74 c n  ove rbu rden- topso i l  - 

135 cm t o t a l  cover  

It i s  also of i n t e r e s t  t o  c a l c u l a t e  t h e  c o w r  th i ckness  r e q u i r e d  t o  meet a 
f l u x .  c r i t e r i o t r  of 20 pCi n r 2  s-l if only o v e r b u r d m - t o p z o i l  i s  p laced  ove r  
t h e  t a i l i n g s .  

Using Equa t ion  8 w i t h  t h e  values, 

Jc = 20 pCi  m-2 s-1 

Jt = 123 pCi m2s-1 

D t  = 0.013 c d  s-l ( t h e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  t a i l i n g s )  

D, = 0.02 c d  s-l ( t h e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  overburden- 
tops0 i 1 ! 

at /ac = 0.850 

g i ves  

r 
12.3 

1.850 + O.bK] XC = 97.6 I n  = 185 cm 

The above c a l c u l a t i o n s  were perforrnsd by h m d .  The approx imat ions 
assorin!i!c! w i th  t h t i c  cover - th i ck f i ess  equat ions  are accu ra te  t o  w i t h i n  
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0 

St.p 

ThELE 5 

PROCEDURAL C H E C K L I S T  FOR CALCULATI f iG  ADEQUATE C O V E R  T H I  C W E S S  

2. W e r t t n e  Cover Ratcrlal 
Parardters, &. pc, pc 

cn 3. Calculate Ccver Attenuation 
1 Parrnctcrs and Calculate or 

Estir!;te Bare Tailings Flux ul 

Comcnts 

Default values. R 2,812 G 
P t  1.5. pt 0.35, 9 t  2 

Dt 9 0.01 exp[-4(m-$ + ms)] 

D?f-iult values, pc = 0.35, . m, = ..[ - kj-l 
gc " 2.7 

Dc 0.07 exp[-4(m-npc2 + m5)] 

4 Jt  R p t E ( W )  

- 4. Calculate Surface Flux or 
Cc;.er Thickness 

5. Fat Nultiple Layer Cover. 
Calculate Effective Source 
OS, 

6. 8cpeat For Multlple Layer Calculate Itea 4 for 'the first cover 
layer, then calculate Item 5 for tke 
second cover laycr, then ca!culate I 

Itea 4 for the second cover layer, and 
so on until Iten 4 i s  calculttcd for 
the top layer 
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The t -adjn diffusion ?.;:i.:tioa for, a pcr;.:Gs, n:it?tiai:asc! s.ysicm, siven in 
Eqi;zticn 1, i s  di.rived i n  th i s  ; i?p~. i?d ix  in ordcr t o  cctain expressions f 3 r  
the equivalent d c s c i - i v i r i g  tbi‘ ra6o!i diffusion through the jystca. Since 
the basic diffusion rclations!iip pprtained to 2 ,  single riicdiun, two ccupled 
diffusion equations carve JS the starting psint for the d2rivaticn. These 
equations aply t o  tile diffusion in t h e  air-space and in ‘he y ter-space of 
the aultiphase system. It i ias been shom previcusly(SQ*41T that radon 
diffusion through a tm-phsse medium in the pore spaces of earthen 
materials can be chzracterizcd by the fol1ov;ing diffcsion equations: 

Ds ( A - 1 )  

nhere 

0, = diffusion coefficient-in the air-filled pore space (cm2s-1) 

D, = diffusion coefficient in the water-filled pore space ( n 2 s - 1 )  

C,,C, = radon concentrations in tho respective air- and water- 
filled pore space (pCi/m3) 

p = porosity 
i 
I 

I 

I m = volume fraction o f  moisture saturation o f  the pore space 
I 

A = radon decay constant 

R = radium concentration in material 

, 

P = b u l k  density o f  dry materia 

E, = rzdon manstion p c w r  coeff cicnt fc r  the air-fi 

E, = radon emanation coefficient for  the water-filled 

pore spaces 

spaces 

T,, = radon transfcr rate fro? water tc the air 

1 ed 

pore 

A- 1 



The su% o f  E, 2nd E,q yiclds the tat.21 ernanaticr; coefficient, E, of the 
earthen r?a.te*ial. 

The r~dcrrl concentration in the t o t* i l  pc;rc space i s  given by: 

Combining Equations A-1,  A -2  and A - 3  yields 

where 

D,(l-m) + D,pk D =  1 - (I-k)m . 
.and 

( A - 4 )  

( A - 5 )  

k = radon distribution zpyfficient. CJC,, for watw/air 
(k = 0.26 at 20 C)( 

Equati n A-4 is the radon diffusion equation trzditionally 
The diffusion coefficient D used(1~9,46? and is identical to Equation 1. 

pertains to the total pore space in t h e  material. 

A . l  BARE TAILINGS FLUX 

One parawter needed for estimating cover thicknesses over uranium 
mill tailings is the radon source term; thus it is desirable to obtain an 
expression for the flux from an uncovered tzilings pile. Solution of 
Equation A-4 for  the boundary conditions: 

dC 
dx 
- ( x  = Xt) = 0. ( A - 6 )  

C(x = 0) = 0 ( A - 7  1 

yields the following e,.pression for the bare tailings flux 

A-2 

. .. . . . _. __ ... . . . 

, 



r 1 

(A-8) 

where x t  is t h e  t!~ickr:cr,s o i  t:!)? ta;lirys and t! ie scSsc r ip t  t refers to the 
tai 1 i r q s .  

4.2 - CP'illi3 TAIL!':??- 

The solutiori o f  ti,2 di-:fucicil equation f o r  a ',\do-rcyion problem 
applies to a tailings pile coverec! with a hmogeaecus material. For 
simplicity, the soLrce tern in tbe cover an3 tt,c radon concentratim at the 
surface o f  the cover are ass~ili:ed to be zcro.  The origin is assumed to be 
at the interface. It is also assu?ed that there is continuity of flux, 
radcn soncentraticn in air, aid radon conccctration in w t s  across the 
interface. The lzttcr two cot;tinuity conditions can be cornbined into the 
f ol 1 owi nq i nterf ace cond 1 t i on : 

Ct - CC ( A - 9 )  
- . i q E J - i g  ' 

where Ct and Cc Ere defined by Equation A-3. 

Continuity of flux across the interface gives: 

( A - 1 0 )  

t 

i 

! 
It is convenie!:t to group the parameters comprising the source tern in 

such a way that the grouped porcmter has a physical manin?. This 
grouping is the sine as the expression for the radon flux a t  the surface o f  
the bare tailings. 

i Solution of Equation A-4 using the boundary and interface conditions 
in Equations A-6, A-7,  A-9 and A-10 yields for the surfxe flux: 

! 

where 

xc = cover thickness 



The cne-disensimz?; s te??y-state  radon diffusion ccid?, RRECO, ( $ 8 )  has 
been moaified and updated. Th? vpdatcr! cod?,  RAZCG.1, i s  a FCR!’Ri?.:4 program 
which determines the radon f l u x ? ;  and ccncentrations i n  rnu!tilay?.r iiraniun! 
ta i l ings  and COVCI- sys tem using the mathEmatica1 fornxlation given in 
Appendix A, and then cpt inizes  t ! l e  cover thicknes; t c  satisfy a given f lux 
coiistraint. The numerical nethod of solution i n  R A i C O N  i s  ident ical  to  
that in RAECO. 

111 proceeding t h r o u p h  a calculztion, F i r s t ,  the D’s are calculated 
from a correlation i f  they are n o t  input d i rec t ly .  Then the miq-ation of 
radon i s  determined for  the specified cover charac te r i s t ics  and the radon 
concentrations ( C )  and tke radon fluxes ( J )  are calculatzd. The cover 
optimization is  performed yielding adjusted values ( t )  for  the layer 
thicknesses. The radon migration calculations are then repeated for  each J 
and C with t h o  adjusted cover layer thicknesses, and the resu l t ing  surface 
flux, dc, is tested against  the specified c r i te r ion ,  Jcrit.  If this 
c r i te r ion  is s a t i s f i e d ,  thc code proceeds to f ina l  outpilt. I f  the f lux 
c r i te r ion  i s  no t  s a t i s f i e d ,  aFpropriate layer thicknesses a re  adjusted - 
within the specified constraints ,  radon migration calculzt ions are 
repeated, and the surfac? radon f lux  i s  again tested against  the f lux 
c r i te r ion .  T h i s  process i s  repeated until  a l l  c r i t e r i a  are s a t i s f i e d .  The 
code t h e n  outputs a l l  radon attenuation data. If a d d i t i c x l  cover systems 
are to be evaluated, t+e RAECOI.1 code will r e - i n i t i a l i z e  and perform the 
complete analysis for the subsequcnt cova- systems. Any number of cover 
systems can be analyzed by stacking data se t s .  

6.1 H3D IF I CATIOFS 

Modifications to  RAECO t h a t  are incorporated in RAECCM include: 

1. Soil moistires (dry weight percent) w e  read 
the D of any layer not i n p u t ,  using Eqltation 

2. The radon concentration interface condition 
’ ef fec ts  of soi l  moisture (Appendix A ) .  

3. The diffusion coeff ic ient  of the pore space; 

in t o  ca lcu la te  
12. 

nc1l;Ges the 

D, and the 
pore space radon  source tern,  Q = R p E d P ,  ar- read in 
d i r e c t l y  instead of the bulk pzrawtcrs  De = pD and Qe = pQ. 
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B.2  INPUT DATA FCZYAT FC!? RAECOH 

All i n p u t  data i s  f ree  format. ' The following i n p u t  i s  needed for  
program operation. 

Card Set  NcrnSer C w d  Description 

1 

2 

3, 1-N 

Site Desiqn2tion C x d  - One card w i t h  u p  t3  80 
characters which designates the t a i l i n g s  cover 
system and r u n  i d m t i f i c a t i o n .  

- Bouqdary Conditicns and Cost Control Parzmete3 - 
Or? card containing six parwncter values, each 
separated by conmas i n  the following order: 

(1) 

(2) 

N, Nmber of d i s t i n c t  tai1ii:gs cover layers: 
posit ive integer,  presently limited to  99. 

FO1, Entrance radon f lux to layer 1, pCi/rnZs. 
I f  FO1 eouals -1.. then FO1 is coxputed 
internal ly  for  an i n f i n i t e l y  thick subsoil. 

CN1,  Surface radon concentration a t  top of 
system, pCi/l. 

ICOST, Integer Cover Optimization Flag, 
ICOST = 0 i f  no optimization is  to  be 
performed, otherwise, ICOST equals the layer 
number t o  be optimized. 

CRITJ, Surface F l u x  Constraint for  
optimization, p C i / d s ,  CRITJ = 0 for  no 
constraint .  . 

ACC, Surface Flux Convergence Criterion, 
f ract ion.  

(3) 

(4)  

ICOST cannot equal  1. 

(5) 

(6 )  

Individual Ccver Layer Cata Cards - Cne card for 
each taillngs or  cover layer. 
composed of four pmameterr: 

E c h  card is  

' i  

, .. 
. .  

1 

(1) D X ,  The layer thickness in cm. 

8-2 
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Tie D ' j t p a t  ~ n d  itip!:i fGr the  exz-r:lt. proSl?.tn: Cc;cribed in Ta31e 2 of 
tho HrndSook i s  given Delw: 

RAECOfrl CALCULATION 0-r W L I ' I R E G I O N  EXi!:?LE 

1 590. 1.3030E-02 0.4450 5.nt9i-M 11.70 
2 50. 7 .e t cx -c3  0.3N9 o.c:~c6c-ol 6.70 
3 160. 2.ami-02 0.37N 0. WOE-0 1 5.40 

hAW P E S l l L T S  O F  P A D O H  u I F F U S I O N  C A L C U L I I I O Y M  

M I t  LAYEB XHICKIISS DIT nux EXIT C M .  
(co) (pLi/a2/sec) (pCi/littr 1 

1 m. 7.5937EtCl 1.6731EG5 0.703 
2 50. 4.5235E4C1 ' 4.4 196itO4 0.7253 
3 149. 2.0011E*01 ' 0.03005-01 O.rJ163 
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